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DEVELOPMENT OF POLYMER BASED CARBON NANOFIBER 
PRODUCTION TECHNOLOGY 
SUMMARY 
In the last decades, carbon fiber is widely used in commercial applications such as 
aviation, sports equipments, military applications and industrial materials and due to 
its great mechanical properties, electrical and thermal conductivity, and lightness it 
started to replace various materials, especially metals. 
Nanotechnology is a topic, whose popularity is rapidly increasing since the 
beginning of the 21th century and which both researchers and manufacturers assert. 
Electrospinning is a method in order to produce nanofibers with diameters in 
submicron and nanoscale. Thus, electrospinning is one of the most exciting subjects 
of nanotechnology. In this project, two popular subjects of recent years are combined 
under the title of carbon nanofiber production technology. 
In the study, carbon nanofiber production is performed in three steps. Firstly, 
electrospinning process is employed in order to obtain nanofibers. Then, 
polyacrylonitrile (PAN) nanofibers are stabilized to provide thermally stable 
structure during high temperature carbonization process. Finally, carbonization 
process, which determines the final properties of carbon nanofibers, is implemented. 
Effect of electrospinning parameters, carbonization temperature and duration on fiber 
properties and morphology is the subject of this work. 
The product should be characterized in order to examine the properties. SEM and 
FT-IR are very useful methods to observe the conversion of PAN nanofibers into 
carbon nanofibers and to determine the fiber morphology.  
The aim is to optimize the carbon nanofiber production process considering datas 
and parameters. Thus, refer to this study, further studies about the applications of 
carbon nanofibers can be carried out. 
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POLİMER ESASLI KARBON NANOLİF ÜRETİM TEKNOLOJİSİNİN 
GELİŞTİRİLMESİ 
ÖZET 
Karbon elyaf, son yıllarda ticari olarak havacılıktan spor malzemelerine, askeri 
amaçlı malzemelerden endüstriyel malzemelere kadar birçok uygulamada kendine 
yer bulmuş ve yüksek mekanik özellikler, elektrik ve termal iletkenlik, hafiflik gibi 
özellikleri nedeniyle metaller başta olmak üzere çeşitli malzemelere alternatif 
olmuştur. 
Nanoteknoloji, 21. yüzyılın başlarından itibaren sürekli popülaritesi artan ve hem 
araştırmacıların hem de sanayicilerin en çok üzerinde durduğu konulardandır. 
Elektro üretim (electrospinning) yöntemi kullanılarak kolaylıkla mikron altı ve nano 
boyutta çapa sahip lifler üretilebilmektedir. Bu özelliği nedeniyle elektro üretim 
nanoteknolojinin en heyecan verici konularındandır. Son yılların iki popüler konusu 
karbon elyaf ve nanoteknoloji bu projede karbon nanolif üretim teknolojisi 
başlığında birleştirilmiştir. 
Bu çalışmada, karbon nanolif üretimi üç aşamada gerçekleştirilmiştir. Nano boyutta 
çapa sahip liflerin üretilmesi için öncelikle elektro üretim işlemi gerçekleştirilmiştir. 
Daha sonra elde edilen poliakrilonitril (PAN) nanoliflerinin yüksek sıcaklıkta 
yapılacak karbonizasyon işlemi esnasında termal olarak dayanıklı olabilmesi için 
uygun yapıya kavuşmasını sağlayan stabilizasyon işlemi uygulanmıştır. 
Stabilizasyon işlemini takiben karbon nanolife üstün özelliklerini verecek 
karbonizasyon işlemi gerçekleştirilmiştir. Elektro üretim işleminde parametre 
değişiminin lif özelliklerini nasıl etkilediği, karbonizasyon sıcaklıkları ve süresinin 
lif özelliklerine etkisi bu çalışmanın konusudur. 
Karbon nanolif elde edildikten sonra üretilen malzemenin özelliklerinin 
incelenebilmesi için çeşitli karakterizasyon işlemlerinden geçmesi gerekmektedir. 
PAN nanoliflerinin karbon nanoliflere dönüşümünü gözlemlemek ve lif yapısını 
belirlemek için SEM ve FT-IR oldukça yararlı yöntemlerdir. 
Tüm bu işlemlerden elde edilen veriler ve parametreler ışığında optimum karbon 
nanolif üretim yöntemini belirlemek hedeflenmiştir. Böylece, daha sonra karbon 
nanoliflerin kullanım alanlarıyla ilgili yapılacak muhtemel çalışmalarda istenen 
özelliklerde karbon nanolif elde edilmesi adına bu çalışma referans olacaktır. 
 1
1.  INTRODUCTION 
Carbon fibers due to their high mechanical strengths and modulus, superior stiffness, 
excellent electrical and thermal conductivities, strong fatigue and corrosion 
resistance properties, have been started to gain attention by researchers in the last 
decades [1]. Carbon fibers are very important industrially as they can be used in 
many applications from aerospace industry to sports equipments [2]. In recent 
decades, carbon fibers have found wide applications in commercial aircraft (up to 
50% of the structure as composites), along with recreational (about 50% penetration 
in golf and fishing pole) and industrial (low penetration with high growth) markets, 
as the price of carbon fiber has stabilized and technologies have matured [3]. 
The market of carbon fiber has improved except 2009 due to the economic crisis. 
The growth rate for the last 23 years was about 10%. Estimated value of the carbon 
fiber market in 2015 is $2.3 billion [3]. Since 1980s carbon fiber costs have 
significantly decreased but intermediate-modulus carbon fiber is still worth about 20 
$/kg while high-modulus, highly conducting fibers can be purchased for 3000 $/kg 
[4]. 
 
Figure 1.1 : Evolution of carbon fiber industry [5] 
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Diameters of conventional carbon fibers vary between the range from 5 to 10 µm. 
Chemical vapor deposition (CVD) method has been studied in order to obtain fibers 
with diameters in nanometer scale, but CVD method involves a complicated 
chemical and physical process so the cost is inevitably high. Furthermore, CVD is 
only capable of producing relatively short fibers which are difficult to align, 
assemble and process into applications [6]. Pitch-based carbon fibers have poor 
mechanical properties and poor reproducibility in their properties [2]. Although 
carbon fibers made of mesophase pitch have high modulus and high strength, they 
are not popular enough because of their cost that is larger than PAN-based carbon 
fibers [4]. Electrospinning is a rapidly developing method to produce fibers having 
diameters from sub-microns to nanometers. Electrospinning is a straightforward and 
cost-effective method for the production of nanofibers [7]. 
Carbon nanofibers, such as other one-dimensional (1D) nanostructured materials, for 
example nanowires, nanotubes, and molecular wires, have high length to diameter 
ratio which make them more interesting. Carbon nanofibers may be used in many 
applications including supercapacitors [8], nanocomposites [9], templates for 
nanotubes [10], and hydrogen storage [11]. 
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2.  CARBON FIBER 
Fibers containing carbon atoms over 90 wt.% in their structure can be defined as 
carbon fibers. Polymeric materials, which leave a carbon residue and do not melt 
upon pyrolysis in an inert atmosphere, are considered as suitable materials for carbon 
fiber production [4]. Although carbon fibers are considered as a new type of high 
strength materials, the history of carbon fiber has started in 1879 when Edison had 
used for electric lamb filaments. In 1958, Bacon created the high performance carbon 
fibers by using rayon as a precursor but carbon atom amount was just about 20%. 
Carbon fibers from polyacrylonitrile (PAN) precursor, containing about 55% carbon 
atoms, have developed by Shindo in 1960s and Watt has produced the first 
successful commercial carbon fibers [4].  
Carbon fibers may be produced from pitch, polymers (especially PAN) and 
carbonaceous gases. Although cost of the raw material of carbon fibers made from 
pitch or carbonaceous gases is lower, processing cost of these types of carbon fibers 
is much more expensive. The current carbon fiber market is dominated by polymeric 
carbon fibers because of their combination of good mechanical properties and 
acceptable cost. Pitch-based carbon fibers are more graphitizable than the polymeric 
ones, thus this provides them to attain higher thermal conductivity and lower 
electrical resistivity [12]. 
2.1 Production 
Production of carbon fibers can be observed below three titles: 
1. PAN-based carbon fibers 
2. Pitch-based carbon fibers 
3. Vapor-grown carbon fibers  
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2.1.1 PAN-Based Carbon Fibers 
The simplest method to produce carbon fibers is to char natural or synthetic fibers in 
an inert atmosphere. Cotton, nylon or linen can be processed in this way to obtain 
carbon fibers but PAN is the most common precursor for carbon fiber production 
[13]. Today’s carbon fiber market is largely based on PAN copolymer (95% of 
worldwide carbon fiber production) [14]. There are some reasons to prefer PAN 
copolymer instead of homopolymer. PAN homopolymer contains highly polar nitrile 
groups which hinder the alignment of macromolecular chains during spinning, 
especially during fiber stretching. Moreover, PAN homopolymer can be stabilized 
under a relatively higher temperature, thus because of sudden evolution of heat it 
becomes difficult to control the reaction. This surge of heat can cause the scission of 
PAN macromolecular chains and make the resulting carbon fibers mechanically 
weak [1]. 
Production of PAN precursor carbon fibers can be classified into four or five steps: 
1. Polymerization of polyacrylonitrile (PAN) 
2. Spinning of fibers 
3. Stabilization 
4. Carbonization 
5. Graphitization or high temperature carbonization (optional) 
 
Figure 2.1 : Apparatus for the fabrication of carbon fibers from PAN [15] 
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2.1.1.1 Polymerization of Polyacrylonitrile (PAN) 
Acrylonitrile, whose unit cell is shown in Figure 2.2, is the monomer of PAN which 
has a highly polar nitrile group. 
 
Figure 2.2 : Unit cell of PAN 
It is polymerized by addition polymerization of PAN (Figure 2.3). The 
polymerization can yield a precipitated polymer by using a solvent in which the 
polymer is soluble. Suitable solvents include dimethyl formamide (DMF), dimethyl 
sulfoxide, and concentrated aqueous solutions of zinc chloride and sodium 
thiocyanate. All are liquids with highly polar molecular structures, as the polar 
groups attach to nitrile groups, thereby breaking the dipole-dipole bonds [16]. 
 
Figure 2.3 : Addition polymerization of PAN 
The initiators used for the addition polymerization can be the usual ones, such as 
peroxides, persulfates, and azo compounds such as azo-bis-isobutyronitrile and redox 
systems [16]. The initiators provide free radicals for the initiation, which is the 
addition of a radical to an acrylonitrile molecule to form a larger radical [12] 
 
where R shows a radical. 
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2.1.1.2 Spinning of PAN Fibers 
Various methods can be used for spinning the fibers shown as follows: 
1. Melt spinning 
2. Melt assisted spinning 
3. Dry spinning 
4. Wet spinning 
5. Dry-jet wet spinning 
Although melt spinning is the most common spinning method in fiber formation, it is 
not workable for PAN-based carbon fiber production. Melt spinning works above the 
melting temperature of polymers. Polyacrylonitrile (PAN) has a melting temperature 
of about 350 oC but it starts to cyclize and decompose below its melting temperature 
[12]. Melt assisted spinning of PAN uses a solvent in the form of a hydrating agent to 
decrease the melting point and the melting energy of PAN by decoupling nitrile-
nitrile association through the hydration of pendant nitrile groups. PAN and water 
could form a homogenous single phase fusion melt, which could be extruded into a 
steam pressurized solidification zone [17]. Thus, with a low melting point, the 
polymer can be melted without much degradation [18].  
PAN fibers, produced by melt assisted spinning include more internal voids and 
surface defects than wet or dry spinning does [19]. However, fibers having various 
cross-sections such as trilobal, multilobal etc. can be attained by melt assisted 
spinning. Such cross-sectional shapes provide a greater surface area, which enhances 
fiber-matrix bonding in composites. Although melt assisted spinning method is 
attractive as harmful solvents are not needed in this process, its high cost obstructs it 
being popular [12]. 
In dry spinning, the polymer is dissolved in a suitable solvent such as dimethyl 
formamide (DMF), and then spun into a tube or cell, where the solvent is evaporated 
at a temperature above the boiling point of the solvent. The solvent should be 
economic, non-toxic, readily dissolve the polymer without reaction, have a low 
boiling point and acceptable heat of vaporization, not generate a static charge and 
have a low risk of explosion [20]. Dry spinning operates at much faster speeds (1000 
m/min) than wet spinning, but the number of filaments in the tow is limited [12]. 
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Dry spinning generates a fiber that initially appears different from typical wet-spun 
fibers as there is no opportunity for the spin bath to diffuse into the fiber. However, 
when the unoriented dry-spun fiber is stretched, an oriented fibrillar structure 
develops, indistinguishable from a stretched wet-spun fiber [12]. 
Wet spinning is the most common method for PAN fiber production. Polymer is 
dissolved in a solvent, preferably DMF, at a concentration between the range of 10-
25%. The molecular weight of PAN should be in the range of 70,000-200,000 g/mol 
to yield a solution viscosity that provides a consistency between fiber drawability 
and final fiber properties. A coherent spinline is formed by phase separation in a 
suitable coagulating medium, which contains a mixture of solvent and a non-solvent. 
As the concentration of the non-solvent increases, coagulation rate also increases. 
Furthermore, higher temperature of coagulation bath causes a faster coagulation. A 
lower coagulation rate is preferred because a higher coagulation rate causes surface 
irregularities, greater pore density and the formation of a skin-core structure. PAN 
fibers in a gel state can be obtained at lower concentrations and lower temperatures. 
The molecular chains in the gel can be quite easily oriented upon stretching because 
the trapped solvent decreases the cohesive forces among nitrile groups of the 
polymer chains [12]. To provide sufficient time to stretch the gel fiber, coagulation is 
slowed down by allowing the gel fiber to pass through several baths containing 
varying compositions of the coagulation mixture [19]. 
Dry-jet wet spinning, also called air gap spinning, is a kind of wet spinning which is 
especially suitable for precursor material. Filaments are extruded into the spin bath in 
a vertical direction from the jet which is located close, less than 10 mm, above the 
spin bath. The advantage of this process is the temperature difference between the 
dope and the spin bath. Temperature difference prevents the high stress caused by the 
dope coagulating at the jet face in wet spinning. This process is limited by the 
number of holes in the jet and cannot be used for large tows. Orientation is enhanced 
prior to coagulation and since the spun filament gels before entering the spin bath, 
the structure is similar to a dry-spun fiber [21]. Because of capability of producing 
fibers with better mechanical properties and controlled noncircular cross sections, 
capability of spinning the fibers at higher speed and higher temperatures and using 
dopes with higher solid contents, dry-jet wet spinning method is starting to replace 
wet spinning [19]. 
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2.1.1.3 Stabilization 
The conversion of a PAN fiber to carbon fiber involves stabilization and 
carbonization. The acrylic precursor is stabilized by controlled low temperature (200-
300 oC) heating in air to convert the precursor to a form that can be further heat 
treated without the occurrence of melting or fusion of the fibers. Slow heating rate 
must be used to avoid run-away exotherms occurring during the stabilization process 
[17]. 
During stabilization, tension is applied to prevent shrinkage or cause elongation of 
the fiber, when fully relaxed by heating, shrink by about 25% due to the formation of 
nitrile conjugation cross-links between polymer chains [16]. It is crucial to apply 
tension particularly during stabilization in order to produce carbon fibers with high 
mechanical strength. If not, the final product of carbon fiber would be mechanically 
weak [17]. In stabilization process the thermoplastic PAN is converted into a 
nonplastic cyclic compound which is durable at high temperatures during 
stabilization. Cyclization can be shown as follows: 
 
Stabilization generally takes place in an oxidizing atmosphere under tension. An 
oxidizing atmosphere is used because it results in a higher rate of cyclization, a 
higher carbon yield after subsequent carbonization and improved mechanical 
properties of resultant carbon fibers. Besides cyclization, dehydrogenation and three-
dimensional cross-linking of the parallel molecule chains by oxygen bonds occurs 
during stabilization (Figure 2.4). The cross-links keep the chains straight and parallel 
to fiber axis, even without stress application [12]. 
Oxygen has two roles in stabilization. It initiates the formation of activated centers 
for cyclization. Although oxygen retards the reactions by increasing the activation 
energy, because of forming some oxygen containing groups in the backbone of a 
ladder polymer, it is useful. The oxygen containing groups help in fusion of the 
ladder chains during carbonization [19]. Fibers containing 8-12 wt.% of oxygen can 
be called as fully stabilized fibers [22]. An oxygen content of 12 wt.% results in 
deterioration of the fiber quality, while an oxygen content below 8 wt.% results a low 
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carbon yield [23]. Due to the introduction of oxygenated groups and evolution of 
hydrogen cyanide, ammonia etc., the overall weight change during stabilization is 
small. However, at temperatures just above that of stabilization, significant weight 
loss can occur, particularly if stabilization is not fully completed [12]. 
 
Figure 2.4 : Sequence of reactions during thermooxidative stabilization of PAN [19] 
During stabilization, a uniform temperature must be provided because the reaction is 
extremely exothermic, and in order to prevent formation of gases which may form 
explosive mixture with air, noxious gases should be evolved [17]. During pyrolysis 
various gases such as HCN, NH3, H2O, CO, H2 etc. are released from the fiber. 
2.1.1.4 Carbonization 
Stabilized PAN fibers are then heated up to the range of 400-1500 oC in an inert 
atmosphere (generally nitrogen gas) in order to obtain carbon fibers. Stress 
application is not a necessity during carbonization because after stabilization, 
backbone of PAN fibers has already consisted of carbon atoms completely. However, 
in the case of using rayon as a precursor, one oxygen atom per monomer unit is 
existed in the backbone, so it shows structural reorganization during carbonization 
[12]. 
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During carbonization, about 50% of the weight of the fiber is lost by the effect of 
extracted gases such as H2O, NH3, HCN, CO, CO2, N2, and H2 (Table 2.1). The 
volume of the gases evolved is 105 times the volume of the fibers [15]. The reason to 
use an inert gas atmosphere is to dilute the toxic waste gas in the gas extract system 
and to prevent ingress of atmospheric air [12]. 
Stabilized PAN fibers should be heated more slowly in early stages of carbonization 
up to 600 oC to prevent fast release of volatiles and pores or surface irregularities 
formation. Above 600 oC heating rate may be higher, because at this temperature by-
product evolution is mostly completed and the fiber is consisted of carbon (>92 
wt.%) and nitrogen. Over 1000 oC, the residual nitrogen is progressively removed 
[15]. 
Table 2.1 : Carbonization products of oxidized PAN fiber [17] 
 
During carbonization, intermolecular cross-linking occurs through oxygen-
containing groups (Figure 2.5) or through hydrogenation (Figure 2.6) and the 
cyclized sections coalesce by cross-linking (Figure 2.7) to form a graphite-like 
structure in the literal direction [19]. 
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Figure 2.5 : Intermolecular cross-linking of stabilized PAN fibers during 
carbonization through oxygen-containing groups 
 
Figure 2.6 : Intermolecular cross-linking of stabilized PAN fibers during 
carbonization through dehydrogenation 
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Figure 2.7 : Cross-linking of the cyclized sequences in PAN fibers during  
carbonization 
Low temperature furnace can be defined as a tar removal furnace and is consisted of 
a multizone electrically heated slot furnace, purged with N2 to prevent ingress of air 
and providing sufficient N2 flow to remove evolved tars and gases. The furnace is 
gradually heated up to the temperature above 950 oC, which tars having a negative 
effect on mechanical properties of carbon fiber are decomposed [17]. 
For low temperature carbonization furnaces, the muffle can be made of high 
nickelalloy, but the alloy must be attentively designed in order to provide enough 
strength at working temperatures and possess enough resistance to both internal and 
external environments [17]. 
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Graphitization, also called high temperature carbonization, is carried out between the 
temperatures 1500-3000 oC. An inert atmosphere is needed for graphitization too. Up 
to 2000 oC nitrogen can be used to create this atmosphere but above 2000 oC argon 
should be used because above this temperature, reaction between nitrogen and 
carbon forms cyanogen, which is toxic. Little amount of gas is evolved during 
graphitization. However, crystallite size is increased and preferred orientation is 
improved, so the fiber becomes more graphitic. Energy need of graphitization is very 
high, so process cost increases. Thus, it is not usually preferred during carbon fiber 
production [12]. 
High temperature furnace is employed to obtain carbon fibers with higher fiber 
modulus and lower fiber diameter. The product formed during carbonization is a 
good conductor and imposes no limitation on the heating rate by heat transfer [24]. 
High heating rates, more than 20 oC/min, decreases the strength of final carbon fiber. 
2.1.1.5  Surface Treatment and Sizing 
Carbon fibers, having high strength and modulus properties, can be used to obtain 
composite materials. If a load is applied to carbon fiber composite, the stress will be 
shared by filaments and in the case of having weak fiber-resin bond, the composite 
would show poor mechanical properties. This issue can be resolved by the 
application of surface treatment. Surface treatment should be applied optimally 
because if the bond is too strong, then the composite becomes brittle and weak, on 
the other hand if  a little treatment is applied, composite will remain weak [17].  
In the literature, various surface treatments are described such as gas phase 
oxidation, liquid phase oxidation, electrochemical oxidation and plasma treatment 
etc. Although they are academically interesting, it is difficult to perform all of these 
techniques commercially. However, electrochemical oxidation is a relatively cheaper 
and easily controlled process. Moreover, chemical needs and wastes of this process 
are simpler to overcome and continuous process of carbon fiber production is 
allowed. Electrolytic oxidation, also called anodic oxidation, removes weak surface 
layers, etches the fiber and develops reactive or polar groups. Treated surface can 
now easily be wetted by thermosetting resins due to their low viscosities and bonds 
well to epoxy resins [25].  
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Last step of the carbon fiber production is the application of a protective material 
called sizing. Sizing is applied to improve inter-filamentary adhesion, aid in wetting 
out the fiber in resin matrices and act as a lubricant to prevent fiber damage during 
subsequent textile processing such as weaving [17]. The size material must provide 
consistent handling and should not leave residue on the processing equipment. Sizing 
should be coherent with matrix resin. Thus, resin penetrates into the surface bundle 
and interacts with the fiber surface. It is important for size material to remain stable 
both chemically and physically due to ageing during storage [25]. 
Sizing materials can be divided into two groups: The first is low molecular weight 
materials which allow the tow bundle to be soft and easily spread. They are generally 
used for prep egging. The other ones are high molecular weight materials which form 
a though film after the fiber is dried. They are film forming materials and protect the 
tow bundle [25]. 
Some size materials, such as epoxy resins, can not be dissolved in water and they are 
applied as a dispersion of emulsion in water. Thus, the size is properly dispersed on 
the surface of fiber or the size can exist as droplets either on the fiber surface or 
sticking together a number of individual fibers. Composition, concentration and 
particle size of the emulsion which constitutes the sizing bath are the important 
parameters in order to carry out a proper sizing application. The type of drying may 
also affect handling characteristics of the fiber bundle. In order to get flat tow 
bundles, they are dried on a drum. Operations, which the fibers are highly disturbed, 
such as weaving and braiding, needs a higher degree of sizing. The need for 
protection must be balanced with the need to have degree of spreading to make a 
fabric that has a closed weave [25]. 
2.1.2 Pitch-Based Carbon Fibers 
2.1.2.1 Introduction 
Pitch is a complex mixture of aromatic hydrocarbons, including structures with three 
to eight membered rings, with alkyl side groups and has an average molecular weight 
of 300-400 [26]. Pitch, used for carbon fiber manufacture, is generally a petroleum 
pitch and coal tar pitch. There are various sources, such as the bottoms of catalytic 
crackers, steam cracking of naphtha and gas oils, and residues from various 
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distillation and refinery processes, to obtain petroleum pitch. The destructive 
distillation of coal to produce coke gives a byproduct brown/black oily material 
called tar. A variety of fractions are obtained by the distillation of this tar and above 
350 oC the fraction, called coal tar pitch, is obtained [17]. Carbon fiber production 
process from pitch precursor is shown in Figure 2.8. Pitch-based carbon fibers are 
produced as follows: 
1. Preparation of pitch 
2. Melt spinning 
3. Stabilization (Oxidation) 
4. Carbonization 
5. Graphitization 
 
Figure 2.8 : Schematic process for the manufacture of pitch-based carbon fibers [27] 
2.1.2.2 Pitch Types and Manufacture 
Isotropic pitches can only be used for the production of general purpose (GP) carbon 
fibers which show poorer properties when compared with high performance (HP) 
carbon fibers. Isotropic pitch is specially treated in order to be converted into 
anisotropic pitch that is used for high performance carbon fiber manufacture [17]. By 
heating isotropic pitch for hours at 350-400 oC, anisotropic pitch can be obtained 
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[23]. In order to stir the fluid and remove the low molecular weight components, an 
inert gas, such as nitrogen, may be bubbled during heating. Maintaining some of 
these compounds is important for mesophase to have a low quinoline-insoluble (QI) 
content and a low melting point. A prior heat treating either in the presence of a 
reflux or under a moderate pressure is effective [28]. 
The anisotropy is due to the presence of a liquid crystalline phase, which is called 
mesophase. Mesophase pitch is a heterogeneous mixture of an isotropic pitch and the 
mesophase. The proportion of each phase is identified by extraction with pyridine or 
quinoline. Due to its high molecular weight, mesophase is not soluble in pyridine 
while isotropic fraction is. If the proportion of mesophase increases, viscosity of the 
pitch also increases. Thus, a higher temperature is needed in the melt spinning 
process to obtain pitch fibers [12]. 
The neomesophase pitch is produced by the removal of high molecular weight 
component, which tends to form coke upon heating, by solvent extraction and then 
the pitch is heated to 230-400 oC [28]. The neomesophase can be spun at relatively 
lower temperatures which reduces the coke formation [23]. 
The behaviour of dormant anisotropic pitch is between isotropic and mesophase 
pitches. Dormant does not interfere with spinning but after spinning by the effect of 
heating it becomes active and orients itself [23]. Carbon fiber made from dormant 
anisotropic pitch is neither general purpose nor high performance grade carbon fiber. 
It has properties between these two types with high elongation [12]. Dormant 
anisotropic pitch production involves [29]: 
1. Heating pitch at 380-450 oC to form anisotropic pitch containing mesophase  
2. Hydrogenation of anisotropic pitch to form low melting temperature isotropic 
pitch 
3. Heating isotropic pitch at 350-380 oC to form dormant anisotropic pitch. 
One other type of pitches is premesophase pitch which is produced by [12]: 
1. Hydrogenation at 380-500 oC using hydrogen donor solvents, H2/catalysis 
2. Heating the hydrogenated pitch at > 450 oC for a short time. 
At spinning temperature the pitch is isotropic but after spinning it is oriented upon 
heating. 
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Figure 2.9 shows the typical preparation methods of precursor pitch for high-
performance carbon fibers [12]. 
 
Figure 2.9 : Typical preparation methods of precursor pitch for high performance 
carbon fibers 
Mesophase pitch is the most common pitch precursor for producing high 
performance carbon fibers. Mesophase pitch, used in carbon fiber production, should 
possess some properties as follows [30]: 
1. Low ash and metallic ion content 
2. Not contain insolubles, which must be removed by filtration  
3. Must not undergo polymerization during spinning 
4. The mesophase portion must be able to undergo orientation during spinning 
5. The softening point and Tg should be high enough to permit rapid 
stabilization 
6. The spun fiber must retain sufficient reactivity to undergo the stabilization 
reaction  
7. Have a high carbon yield. 
2.1.2.3 Melt Spinning 
Besides centrifugal spinning, melt spinning is the most common method used in 
pitch-based carbon fiber production [12]. Isotropic pitch has a softening temperature 
in the range of 40-120 oC [27], while mesophase pitch has of that around 300 oC. The 
spinning temperature of mesophase pitch is about 350 oC [4]. Firstly, chips of pitch 
are fed into the extruder which is employed to form a molten by heating the pitch 
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above its melting point. In the extruder, screw is used to obtain a uniform fluid, so 
spinning process can be accrued more properly. Then the molten pitch is passed in 
the extruder through metering pump. The pump helps to minimize any pressure 
fluctuations created by the rotating screw [17]. After the molten pitch is filtered, it 
would pass through the multi-hole spinneret which locates at the bottom of spin 
pack. At the exit of spinneret quench air is applied and the molten pitch tends to 
solidify to generate pitch fibers. By the help of rollers the fiber is drawn prior to 
wind-up in order to obtain more oriented and lower diameter fibers. Figure 2.10 
shows typical melt spinning equipment [31]. 
 
Figure 2.10 : Schematic of process for melt spinning mesophase precursor fibers 
There are some difficulties while the mesophase pitch is converted into pitch fibers 
by melt spinning [23]. Due to its high strength, high modulus and high orientation 
properties, mesophase pitch is still popular in carbon fiber manufacture in spite of all 
the difficulties listed below [32]. 
1. The mesophase is highly viscous. 
2. Higher spinning temperature is needed for mesophase pitch based carbon 
fibers, this causes additional polycondensation which leads to gas evolution. 
3. The mesophase has a heterogeneous structure.  
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There are some important factors affecting the resultant carbon fiber properties and 
structure [17]. 
1. High molecular weight mesophase pitch with no side groups can not be spun 
because it starts to decompose before it is completely melted. So mesophase 
pitches with side groups should be used. 
2. Spinneret construction directly affects the quality of pitch based carbon fiber 
(PBCF) and a material which can easily be wetted by pitch should be used 
for spinneret production. The cross-section of the spinneret does not only 
affect the fiber shape but can also be used to control the microstructure of 
resultant carbon fibers [4].   
3. Increased pressure helps to prevent off-gassing during spinning. 
2.1.2.4 Stabilization 
As-spun pitch fibers are very weak and thermoplastic in nature, so they should be 
stabilized prior to carbonization in order to prevent softening and deformation of 
pitch fibers upon heating [12]. Stabilization is achieved by an oxidation treatment in 
the gas phase using air, O2 or an O2/N2 mixture, ozone, NO, Cl2, SO2 or SO3. 
Moreover, it can be carried out in the liquid phase with HNO3, H2SO4, H2O2 or 
KMnO4. However, air oxidation is the most straightforward process [17]. The 
stabilization process is performed between 200-300 oC [4]. There are two common 
methods for air oxidation [17]: 
1. Spun fiber is wounded onto a heat resistant spool (Figure 2.11) which 
would then be placed into the oxidation furnace. A specially designed 
winder is used in this process which applies special care to fiber in order to 
prevent damage. In order to provide uniform oxidation, the oxidizing 
atmosphere should reach the center of the package. The flow rates must be 
sufficient to prevent any build-up of heat from the resulting exothermic 
reaction.  
2. The spun fiber is collected by piddling into a suitable container, which is 
preferably on a plating table, to facilitate subsequent removal. Fragile fiber 
is drawn from the container, spread on a conveyor belt and carried through 
the oxidation furnace. Large lengths can be processed by using a number of 
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containers strung together by passing the fiber from one container to the 
next and processing conveniently. The thickness of the fiber on the belt 
must be limited to prevent build-up of exothermic heat. 
 
Figure 2.11 : On the spool oxidation of mesophase fibers [31] 
Reaction mechanisms of pitch oxidation are shown in Figure 2.12. The direct oxygen 
attack causes ketone, carbonyl and carboxyl groups [33]. Methyl and hydro groups 
accelerate the oxidation reaction [34]. The introduction of polar CO groups leads to 
hydrogen bonding between adjacent molecules. During carbonization at about 1000 
oC, the oxidized molecules may serve as starting points for three-dimensional cross-
linking [33]. 
 
Figure 2.12 : Possible reaction mechanism for pitch oxidation 
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Oxidizing atmosphere, temperature, diameter of fibers, type of precursor, mesophase 
content of the pitch and molecular weight distribution are the factors that affect the 
time required for stabilization [35]. Mesophase pitch has a higher softening point 
compared to isotropic pitch. Thus, lower stabilization time is needed for the 
mesophase pitch to complete the stabilization than the isotropic pitch [23].   
Fibers should be neither under nor over oxidized. Oxidation process should be 
carried out optimally. Because, if the fiber is under-oxidized, then it will remain 
thermoplastic and the filaments fuse together in the carbonization process. Over-
oxidized fiber becomes brittle and graphitizability of the pitch reduces. Both cases 
cause poor tensile properties [36]. 
Two-step stabilization can be performed in order to avoid filaments sticking together 
during carbonization. Fiber is intentionally under-oxidized and benzene or 
tetrahydrofuran (THF) is employed to remove soluble fractions present in the surface 
layer of the fiber [37].  
2.1.2.5 Carbonization 
After stabilization, pitch fibers are carbonized at temperatures between 700-2000 oC 
in order to obtain fibers with better properties and orientation. Carbonization is 
carried out in an inert atmosphere, generally using N2 gas. The greatest weight loss 
occurs in the early stages of carbonization. In order to prevent degradation, firstly a 
low temperature carbonization should be applied [17]. A typical furnace used in 
carbonization of pitch fibers in Figure 2.13 [38].  
 
Figure 2.13 : Diagram of a hairpin element furnace used in pitch fiber carbonization 
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Hetero-atoms (H, N, O, S) existing in the structure of pitch fibers must be removed 
to increase the carbon content in the fiber. These atoms are removed in the form of 
H2O, CO2, CO, N2, SO2, CH4, H2 and tars until 1000 oC. Above this temperature, the 
main gas evolved is H2. Separate furnaces with individual temperature settings or one 
or more furnaces with zoned temperature control can be employed for carbonization 
of pitch fibers [17]. It is expressed that, structure of the fiber degrades up to 1000 oC, 
but as the temperature increases, by the release of hetero-atoms, a turbostratic 
graphite-like structure is formed [39].  
High strength HT-type carbon fibers are obtained after carbonization as high 
modulus HM-type carbon fibers are produced after graphitization. Graphitization is 
an optional process that if a carbon fiber with high modulus, high thermal 
conductivity, or low electrical resistivity is wanted, then graphitization should be 
processed [12]. Graphitization is carried out at temperatures about 2500-3000 oC in 
an inert atmosphere to produce fibers with a high degree of orientation, where the 
carbon crystallites are parallel to the fiber axis [17]. Above 2000 oC nitrogen, which 
provides an inert atmosphere, should not be used because nitrogen reacts with carbon 
and creates cyanogen. Instead of nitrogen, argon can be used. If isotropic pitch is 
used for carbon fiber production, stretching should be applied during graphitization 
to improve orientation. This process is called stretch-graphitization whose cost is 
relatively high. Stretching is not needed if anisotropic pitch is used [12]. 
2.1.3 Vapor Grown Carbon Fibers (VGCF) 
Vapor grown carbon fiber (VGCF), also known as gas phase-grown carbon fibers, 
are made by decomposing gaseous hydrocarbons at temperatures between 300 oC and 
2500 oC in the presence of metal catalyst such as iron or nickel that is either fixed to 
a substrate or fluidized in space. Typical substrates are carbon, silicon and quartz 
while hydrocarbons can be benzene, acetylene and natural gas [4]. Carbon filaments 
lengthen until the diameter of the filament equals the catalyst diameter from which 
they are produced, as shown as Figure 2.14 [40]. During filament lengthening by 
catalytic growth, noncatalytic chemical vapor deposition of carbon occurs from the 
carbonaceous gas on the sides of the filament. Thus, the filament thickens and 
becomes a vapor grown carbon fiber [12]. 
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Figure 2.14 : Formation of a carbon filament from a catalytic particle and a carbon 
fiber from a carbon filament [40] 
Iron is the most common catalyst used in carbon fiber production. Sulphur, thiophene 
or hydrogen sulphide may be used to treat the iron in order to decrease the melting 
point and help the catalyst to penetrate the pores of the carbon and produce other 
sites for growth [41]. Besides iron, nickel, palladium, copper, cobalt and some alloys 
can be used as the catalyst [17]. 
Tibbets et al. [42] has illustrated an apparatus used in VGCF production at 
atmospheric pressure as shown as Figure 2.15. 
 
Figure 2.15 : An apparatus for growing VGCF at atmospheric pressure [42] 
There are many growth mechanisms designed for carbon fiber formation. One of the 
simplest schemes of fiber growth mechanism is designed by Gadelle as shown in 
Figure 2.16 [43]. 
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Figure 2.16 : Mechanism of fiber growth. (1) Solid catalyst particle. (2) Short 
filament having grown on a solid particle. (3) Short filament on the 
liquid particle. (4) Rapid lengthening (5) Fiber 
The growth does not only occur in one single direction but it also may grow whisker-
like, branched, bi-directionally and multi-directionally as shown in Figure 2.17 [44]. 
 
Figure 2.17 : Different types of growth obtained in carbon filaments [44] 
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Carbon filaments are mostly obtained in tubular form but some rare examples such as 
braided or ribbon-like ones have also been informed as shown in Figure 2.18 [45]. 
 
Figure 2.18 : Schematic of ribbon and braided carbon filament morphologies [45] 
2.2 Classification of Carbon Fibers 
Carbon fibers can be defined in various ways according to their strength, modulus, 
precursor and treatment temperatures. 
According to the mechanical properties: 
• Ultra-High Modulus Carbon Fibers (UHM): Modulus greater than 450 GPa 
• High Modulus Carbon Fibers (HM): Modulus between 350-450 GPa 
• Intermediate Modulus Carbon Fibers (IM): Modulus between 200-350 GPa 
• Low Modulus, High Tenacity Carbon Fibers (HT): Modulus lower than 100 
GPa, tenacity greater than 3 GPa 
• Super High Tenacity Carbon Fibers (SHT): Tenacity greater than 4,5 GPa 
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Figure 2.19 shows the classification of carbon fibers according to their mechanical 
properties [13]. 
 
Figure 2.19 : Classification of carbon fibers according to their mechanical 
properties: (a) general-purpose, (b) high-modulus, (c) ultrahigh-
modulus (d) high-strength, (e) ultrahigh-strength, (f) high-
performance fibers. The lines represent the ultimate strains ɛ= (1) 0.5, 
(2) 1.0, (3) 1.5 and (4) 2%.  
Carbon fibers can also be classified according to treatment temperatures as shown in 
Figure 2.20 [23]. 
 
Figure 2.20 : Classification of carbon fibers according to treatment temperature [23] 
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• Type I (HTT): Carbon fibers treated at high temperatures, above 2000 oC. 
High modulus carbon fibers are generally the resultant product. 
• Type II (IHT): Carbon fibers treated at intermediate temperatures about 1500 
oC or above. The resultant carbon fiber usually has high tenacity. 
• Type III (LHT): Carbon fibers treated below 1000oC. They are low modulus 
and strength properties.  
One of the most common classification of carbon fibers is based on the precursors of 
the carbon fiber. 
• PAN-Based Carbon Fibers 
• Isotropic  Pitch-Based Carbon Fibers 
• Anisotropic Mesophase Pitch-Based Carbon Fibers 
• Gas Phase Grown Carbon Fibers 
Table 2.2 shows the classification of carbon fibers according to raw materials [13]. 
Table 2.2 : Classification of carbon fibers according to raw material [13]  
 
2.3 Structure of Carbon Fibers 
The structure of carbon fibers directly affects the properties of them. The degree of 
crystallinity, crystallite sizes, texture parallel and perpendicular to the fiber axis, 
interlayer spacing, volume fraction, domain structure and transverse and longitudinal 
radii of curvature of the carbon layers are the important structural parameters. In 
order to obtain carbon fibers with high tensile modulus, low electrical resistivity and 
high thermal conductivity, it is needed to have high degree of crystallinity, low 
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interlayer spacing, large crystallite sizes, and strong texture parallel to the fiber axis 
in the fiber structure [12]. 
The structure of carbon fibers consist of carbon atom layers aligned in a regular 
hexagonal pattern. Layer planes may exist as turbostratic, graphitic, or a hybrid 
structure according to their precursor or production processes. PAN-based carbon 
fibers usually possess a turbostratic structure while mesophase-pitch and vapor 
grown carbon fibers have a well stacked graphitic crystalline structure. Turbostratic 
carbon planes forms the basic structural units of carbon fibers [46]. Graphite-like 
layer or ribbon structure is formed by the dehydrogenation and linking up of the 
ladder polymer structure in the literal direction after stabilization [47]. Carbon fibers 
usually show a skin-core structure. Layer-plane ordering, which occurs during the 
temperature increment, results the skin formation as shown as Figure 2.21 [48]. 
Figure 2.22 shows basic structural units for carbon fibers based on various 
characterizations [49]. 
 
Figure 2.21 : Schematic representation of the development of a skin from PAN-
based carbon fibers heat-treated at (a) 1000 oC, (b) 1500 oC, (c) 2500 
oC [48] 
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Figure 2.22 : A schematic of basic structural units arranged in a carbon fiber [49] 
PAN-based fibers have a complex structure consisting of many tubular elements 
combined into a three-dimensional structure while mesophase-pitch based fibers are 
formed by straight graphite strips or flakes aligned through fiber axis. Vapor-grown 
fibers have structure consisting of tubes placed into one another that results a hollow 
core. The strength of pitch-based fibers are totally related to the length of the flakes 
as a high strength PAN-based fiber can be obtained by the overlap of the tubular 
elements. Structures of different kinds of carbon fibers are shown in Figure 2.23 
[13].  
 
Figure 2.23 : Structure of carbon fibers. (a) mesophase pitch-based fibers with 
stellar packing at cross section (b) mesophase pitch-based fibers with 
stratified packing at cross section (c) PAN fiber (d) VGCF (e) VGCF 
after annealing at 3000 oC [13] 
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2.4 Properties of Carbon Fibers 
Although properties of carbon fibers show differences according to their structures 
and treatment conditions, there are some important properties that carbon fibers 
possess as listed below [12]: 
• High tensile strength and modulus 
• High thermal conductivity 
• Chemical stability 
• Low density 
• Low thermal expansion coefficient 
• Excellent creep resistance 
• Low electrical resistivity 
Besides the above mentioned properties they also possess some disadvantages such 
as anisotropy, low strain to failure, low compressive strength and inclination to be 
oxidized upon heating in air above 400 oC [12]. 
Carbon fibers have great thermal and electrical conductivity because of parallel 
alignment of graphene layers along the fiber axis and high content of delocalized pi 
electrons. The coefficient of thermal conductivity of carbon fibers varies between the 
range of 21-125 W/mK, which is similar to that of metals. Thermal conductivity of 
high modulus mesophase pitch carbon fibers may increase above 500 W/mK at room 
temperature. Carbon fibers treated at relatively high temperatures, about 2500 oC, 
have electrical conductivity similar to the metals have [46].  
Modulus of carbon fibers are directly affected by the crystallinity and alignment of 
the crystals along the fiber axis. The higher crystallinity and better alignment of 
crystals result higher modulus carbon fibers [12]. Although the elastic modulus of 
mesophase pitch-based carbon fibers is higher than that of PAN-based carbon fibers, 
their strength is lower compared to PAN-based carbon fibers [50]. Due to the 
extended graphitic structure, mesophase pitch-based carbon fibers are delicate to 
defects [51]. PAN-based carbon fibers consisting of smaller turbostratic crystallites is 
expected to have better tensile strength [50]. As the treatment temperature increases, 
a larger and better aligned graphitic structure, which improves Young’s modulus and 
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fiber strength, is formed [46]. Zhou et al. [1] expressed that mechanical and electrical 
properties are developed due to the carbonization temperature increment. 
There are weak van der Waals bonds between the graphene layers and their fibrillar 
structure. Thus, carbon fibers have low compressive strength. The compressive 
strength of mesophase pitch carbon fibers is relatively lower than that of PAN-based 
carbon fibers [12]. 
2.5 Carbon Fiber Applications 
Due to their superior properties carbon fibers have a variety of application areas and 
the use of carbon fiber is rapidly extending. Aerospace industry, sports equipments, 
industrial materials are the eminent applications of carbon fibers. Carbon fibers are 
not always only used on their own but also can be used with other materials in order 
to form composites [52]. Polymer, metal, ceramic and carbon matrices are employed 
to generate carbon fiber reinforced composites. Although the composite material do 
not possess the same mechanical properties as the fiber alone, the matrix provides 
some different properties for particular applications [4]. Due to the improvements of 
composite field, utilization of carbon fiber reinforced composites increases and they 
started to replace many materials widely used nowadays. Applications of oxidized 
carbon fibers, virgin carbon fibers and carbon fibers in composites are listed and 
classified into groups according to their uses as below [17]. 
1) Uses of oxidized PAN fiber 
a) Flameproof applications: Aviation and aerospace, industrial workwear, 
defense and law enforcement, transportation and furnishings, cable insulation 
b) Friction materials 
c) Gland packings 
2) Uses of virgin carbon fiber 
a) Molecular sieves 
b) Catalysts 
c) Biomedical applications 
3) Electrical applications 
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a) Electrical conduction 
b) Tailored resistance carbon fiber 
c) Catodic protection 
d) Elimination of static 
e) Electrodes 
f) Batteries 
g) Fuel cells 
4) Thermal insulation 
5) Packaging materials and gaskets 
6) Carbon fibers in thermoset matrices 
a) Aerospace: Defense and civil aircraft, helicopters, aero engines, propeller 
blades, antenna, lightening conductors, gliders, unmanned aerial vehicles 
(UAVs), stealth aerial vehicles 
b) Space 
c) Rocket motor cases 
d) Flywheels 
e) Marine applications: Yachts, submarines, air cushion vehicle 
f) Oil exploration 
g) Automobile and racing car applications: Chassis, body, interior, brakes, 
clutches, suspension systems, push rods, air bags 
h) Heavy goods vehicles and buses: Drive shafts, buses 
i) CNG storage cylinders 
j) Motorbikes 
k) Railways 
l) Engineering applications: Structural work, robot arms, rollers 
m) Turbine blades: Wind turbine blades, tidal turbine blades 
n) Textile applications 
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o) Chemical and nuclear applications 
p) Medical and prosthetic applications: Hospital equipment, dental 
q) Sports and leisure goods: Bicycles, arrows, rifles, skis, ski sticks, 
snowboards, baseball and cricket bats, hockey sticks, golf shafts and heads, 
tennis, racquetball, badminton and squash racquets, snooker and pool cues, 
fishing rods and reels, hang glider, canoe paddles, wind surfing 
r) Musical instruments: Loudspeaker cones, carbon fiber cable, satellite 
reflectors, stringed instruments, bows for cello and violin 
s) Other: Model airplanes, knives, fountain pens, watches, precision 
instruments, tripods, telescopes, binoculars, furniture  
Sometimes more than one property of carbon fibers may be needed for them to be 
used in an application. Table 2.3 summarizes the properties and the applications 
associated to mentioned properties [53]. 
Table 2.3 : Characteristics and applications of carbon fibers [53] 
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3.  CARBON NANOFIBER 
Carbon nanofibers have started to be produced not only in laboratory scale but also 
industrially in the last decades because they possess high tensile strength and 
modulus, great electrical conductivity, extremely high corrosion resistance and 
excellent mechanical stability at high temperatures (more than 1000 oC). Properties 
of traditional carbon fibers have been improved twofold in recent years. However, 
nanofibers have better properties than traditional fibers and while nanotechnology is 
developing, nanofibers are still subject to further improvement [13].  
Although carbon nanomaterials, such as carbon nanofibers and  carbon nanotubes, 
have good mechanical, electrical and emission properties, which make them suitable 
for many applications, they are not widely used yet because of their high production 
cost [54]. 
3.1 Production 
Carbon nanofibers can generally be obtained by three main methods: Polymer-based 
(most commonly PAN), pitch-based, vapor grown or plasma enhanced chemical 
vapor depositing method [2]. Chemical vapor deposition (CVD) method has been 
studied in order to obtain fibers with diameters in nanometer scale, but CVD method 
involves a complicated chemical and physical process so the cost is inevitably high. 
Furthermore, CVD is only capable of producing relatively short fibers which are 
difficult to align, assemble and process into applications [6]. Pitch-based carbon 
nanofibers have poor mechanical properties and poor reproducibility in their 
properties [2]. Although carbon nanofibers made of mesophase pitch has high 
modulus and high strength they are not popular enough because of their cost that is 
larger than PAN-based carbon nanofibers [4]. Polymer based carbon nanofibers, 
which is produced by electrospinning, due to cheaper and easier production is having 
attention of researchers. 
Carbon nanofibers produced by polymers is dominated by PAN [14]. Both PAN 
homopolymer and copolymer can be used in carbon nanofiber production. However, 
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because of the highly polar nitrile groups existing in PAN homopolymer, alignment 
of macromolecular chains are encumbered during spinning [1]. Carbon fibers 
manufactured from PAN copolymer have better mechanical properties than PAN 
homopolymer [55]. PAN may comprise copolymer with carboxylic acid (itaconic 
acid), vinyl esters (methyl methacrylate) and others [17]. The existence of 
comonomers prevent nitrile/nitrile interactions. Thus, better macromolecular 
orientation is gained in PAN fibers and after stabilization and carbonization more 
homogenous structure occurs [55]. Wu et al. [56] used a copolymer consisting of 
PAN/methyl acrylate/itaconic acid (93:5.3:1.7 w/w) to form carbon nanofibers. 
Sutasinpromprae et al. [57] produced carbon nanofibers from copolymer containing 
91.4 wt. % acrylonitrile monomer and 8.6 wt. % methyl acrylate. Moon and Farris 
[14] also used PAN copolymer in order to produce carbon nanofibers.  
Although PAN dominates the carbon nanofiber production, some researchers worked 
on different polymers in order to produce carbon nanofibers. Fatema et al. [58] 
expressed that poly(vinyl alcohol) (PVA), with 54.5 % carbon content and easy 
release of hydroxyl groups from polymer chain, can be considered as a suitable 
precursor of carbon fibers. PVA, after purification, was dissolved in distilled water at 
90 oC [58]. Pretreatment, such as iodine treatment, should be applied to PVA to 
improve the thermal stability prior to carbonization [59]. Single bond in PVA 
hydrocarbon structure is converted into double bond with iodine treatment, so 
melting of PVA molecules at even high temperatures during carbonization is 
prevented [60] Figure 3.1 shows the behaviors of untreated and iodinated PVAs 
during heating [58].  
 
Figure 3.1 : Possible behaviors of untreated and iodinated PVAs during heating [58] 
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Yang et al. [61] used poly(amic acid) (PAA), polymerized from pyromellitic 
dianhydride (PMDA) and 4,4’-oxydianiline (ODA) in a tetrahydrofuran 
(THF)/methanol (MeOH) mixed solvent, as a precursor of carbon nanofibers. After 
the electrospinning of PAA, solvent removal and imidization were performed to form 
polyimide (PI) web. PI webs were then carbonized in a tubular furnace under 
nitrogen atmosphere between 700-1000 oC and graphitized under He atmosphere 
between 1800-2200 oC. The diameters of fibers decreased from 2-3 µm to 1-2 µm 
after imidization and carbonization processes [61]. Figure 3.2 shows experimental 
procedure of production of carbon nanofibers from PAA. Chung et al. [62] used 
polyimide (PI)/dimethylacetamide (DMAc) solution as a precursor. Electrospun PI 
fibers were dried under vacuum at 60 oC for 12 h and diameters of resultant fibers 
were about 60 µm. Lastly, PI fibers were carbonized between the temperature range 
of 400-1200 oC under argon atmosphere to obtain carbon nanofibers [62]. 
 
Figure 3.2 : Experimental procedure of carbon nanofiber production from PAA [61] 
Poly(p-xylenetetrahydrothiophenium chloride) (PXTC) was employed for carbon 
nanofiber production by Okuzaki et al. [63]. The PXTC yarns were carbonized in a 
quartz tube under vacuum. Between temperature range of 100-250 oC PXTC was 
converted into poly(p-phenylenevinylene) (PPV) as a result of release of 
tetrahydrothiophene and hydrochloric acid. Average diameters of carbon nanofibers 
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varied between 127-184 nm relevant to carbonization temperature [63]. Kim et al. 
[64] produced carbon nanofibers with an average diameter of 250 nm from 
polybenzimidazol (PBI)/DMAc solution. 
Prior to electrospinning process, an electrospinning solution is prepared. PAN is 
generally dissolved in high purity DMF with varying concentrations at room 
temperature. However, there are some different attempts in order to improve or 
change the properties of the solution. Zhang et al. [65] and Lingaiah et al. [66] 
prepared PAN/DMF solution at 60 oC to obtain a more homogenous solution. Zhou 
et al. [1] claimed that formation of beads and beaded fibers can be obstructed by 
adding acetone and dodecylethyldimethylammoniun bromide with specific 
concentrations to PAN/DMF solution. Qin [67] electrospun PAN nanofibers from 
PAN/DMAc solution. Nataraj et al. [68] added heteropolyacids, such as 
silicotungstic acid (SiWA) and silicomolybdic acid (SiMoA), into PAN/DMF 
solution in order to form nanofibers with uniform diameters. Zhou et al. [69] have 
improved the mechanical properties of carbon nanofibers by adding phosphoric acid 
(PA) into PAN/DMF solution with varying concentrations from 1 % to 5 %. Ag is 
employed in PAN/DMF solution to decrease the electrical resistance and enhance 
electrochemical behaviors of PAN-based carbon nanofibers by Park and Im [70]. 
Kim et al. [71] prepared PAN/DMAc solution and added iron (III) acetylacetonate 
(IAA) to increase surface areas and hydrogen storage of carbon nanofibers. Hou and 
Reneker [10] explained that Fe(Acc)3 (IAA) can be used as catalyst precursor as Fe 
particles are generally used as catalyst for the formation of carbon nanotubes as 
shown in Figure 3.3. 
 
Figure 3.3 : (A) SEM of composite nanofibers of PAN and Fe(Acc)3 (B,C) TEM of 
carbonized PAN nanofibers containing Fe nanoparticles made from 
precursor PAN fibers with a ratio of Fe(Acc)3/PAN=1:2 for (B) and 1:1 
for (C) [10]  
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Pitch precursors for carbon fibers, which are derived from low molecular weight 
hydrocarbons, have softening point above 230 oC. Conventional pitch-based carbon 
fibers are spun by melt or melt-blown spinning techniques. However, carbon fibers 
produced by this way have diameters of at least 10-20 µm [72]. Park et al. [73] 
produced carbon nanofibers having diameters in the range of 2-3 µm by 
electrospinning technique but there are some problems while using this method. For 
example, preparing concentrated solutions is a problem because pitch can be 
dissolved in rare solvent. Another problem is to find a solvent with suitable boiling 
point which provides solidification to form fibers at room temperature [73].     
Geng et al. [74] expressed that “ In CVD, the catalytic metal nanoparticles are often 
coated onto a solid support to prevent sintering at high growth temperatures (600-
1000 oC). Widely employed supports include silica (SiO2), alumina (Al2O3), titania 
(TiO2) or magnesium oxide (MgO) because of their chemical inertness and high 
temperature stability.” However, highly concentrated bases or strong acids, which 
may cause imperfections on carbon nanostructure, should be used to eliminate these 
materials [74]. 
Takahashi et al. [75] synthesized carbon nanofibers from poly(etylene glycol) (PEG) 
by a method basically same with CVD. The synthesis can be examined in three steps: 
1. Synthesis of an aqueous solution of PEG so that PEG can serve as a carbon 
source and NiCl2 can serve as a catalyst, 
2. Drying of the solution to form a PEG and NiCl2 mixture without water, 
3. Thermal decomposition of the dried mixture using a tubular furnace for the 
growth of carbon nanofibers.  
The advantage of the method is that it does not need explosive and flammable 
hydrocarbon and hydrogen utilization as CVD does [75]. 
Jang and Bae [76] produced carbon nanofibers by salt-assisted microemulsion 
polymerization. Dodecyltrimethylammonium bromide (DoTAB) was magnetically 
stirred in distilled water at room temperature. Redox initiators, cerium sulfate and 
nitrilotriacetic acid (NTA) were employed to polymerize the acrylonitrile monomers 
inside micelles. After 30 minutes of polymerization, iron (III) chloride was added 
and polymerization continued for an additional 4 hours. The product was precipitated 
in methanol to remove surfactants and initiators. Carbon nanofibers were formed by 
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heating PAN nanofibers up to 900 oC and diameter of resultant carbon nanofibers 
was 20 nm [76]. The fabrication scheme is shown in Figure 3.4. 
 
Figure 3.4 : The overall fabrication scheme for PAN nanofibers by using a 
salt-assisted microemulsion polymerization [76] 
Due to their intrinsic one-dimensional functions and porous structure, porous carbon 
nanofibers (PCNFs) receive attention especially for adsorbent, catalyst support and 
electrode material applications [102]. A high cost activation process, which involves 
complicated chemical and physical processes, is required to provide the porosity 
which is crucial in PCNFs [78]. Fu et al. [77] developed a cost-effective method to 
synthesize PCNFs. Poly(cyclotriphosphazene-co-4,4’-sulfonyldiphenol) (PZS) 
nanofibers, obtained from polycondensation of hexachlorocyclotriphosohazene 
(HCCP) and 4,4’-sulfonyldiphenol (BPS) using triethylamine (TEA) as an acid 
acceptor, converted into PCNFs following carbonization process as shown in Figure 
3.5 [77]. 
 
Figure 3.5 : Schematic illustration of the preparation procedure of PCNFs [77] 
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There are two main advantages in producing PCNFs based on PZS nanofibers [77]: 
1. The PZS nanofibers could be easily synthesized in bulk quantities at room 
temperature,  
2. Formation of micropore structures in the carbon nanofibers finished during 
carbonization, so there is no need for further activation process which 
increases the production costs.  
3.1.1 Electrospinning 
Electrospinning is a straightforward method to form nanofibers from inorganic oxide 
materials and organic polymers [79]. Electrospinning process can be embraced as the 
combination of polymer science, applied physics, fluid mechanics, electrical, 
mechanical, chemical, material engineering and rheology [80]. Electrospun nanofiber 
production method is based on thinning of viscoelastic fluid material by drawing it in 
a path, under internal and external forces. Unlike fibers produced by traditional 
spinning methods (dry, wet and melt spinning), which are drawn by the effect of 
mechanical forces, fibers obtained by electrospinning technique are made thinner 
under electrostatic forces [81].  Electrospun fibers undergo huge elongation and 
thinning with a strain rate of ~ 1000 s-1 and the drawing ratio is as high as 104 [82]. 
Figure 3.6 represents a basic electrospinning set-up involving polymer solution, 
solution feeding system, high voltage power supply and grounded collector [83]. 
 
Figure 3.6 : Electrospinning set-up [83] 
 42 
In the electrospinning process, high electric field is applied to a hanging droplet of 
polymer solution contained in a capillary tube forming a cone like shape at the end of 
the hanged droplet called Taylor cone, which is directly relevant to applied electric 
force. As soon as the applied force overcomes the surface tension of the droplet a 
charged jet of solution is ejected [84]. Finally, nanofibers are collected on the 
grounded collector that can be either a speed-adjustable rotating drum or stationary 
plate [57]. 
Besides the facility and cost efficiency of electrospinning process, opportunity of 
using a variety of polymer liquids is increasing the popularity of electrospinning. 
Fibers can also be formed from little amounts of polymers, so new kinds of polymers 
may be tried to obtain nanofibers [61]. 
By using electrospinning, PAN nanofibers, having diameters less than 300 nm, can 
be obtained [55]. Zussman et al. [85], produced PAN nanofibers with diameters 220 
± 60 nm, thinning down to 110 ± 40 nm after carbonization process. Agend et al. 
[86] also fabricated very thin PAN fibers having 149 nm of average diameter, which 
decreases to 109 nm after carbonization. 
As the electrospinning is not completely optimized, researchers make new 
arrangements on electrospinning mechanism. Sutasinpromprae et al. [57] installed 
both the syringe and the needle with an angle of 10° to the baseline in order to 
maintain a constant presence of a droplet at the tip of the nozzle. They also feed the 
polymer solution to the needle tip by pressurized nitrogen gas through a flow meter 
as shown as Figure 3.7 [57]. 
 
Figure 3.7 : Schematic diagram of electrospinning set-up of Sutasinpromprae [57] 
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Zhou et al. [1] strived to create a more regular electric field by applying negative 
high voltage of -2 kV to the collector. Ashraf A. Ali studied electrospinning of 
PAN/DMF in a coagulating bath and obtained nanofibers with a minimum diameter 
of 275 nm [87]. Kim et al. [88] developed a new electrospinning process to improve 
the mass productivity of multi-nozzle electrospinning, using an auxiliary electrode 
for increasing the production rate of nanofibers manufacturing as shown in Figure 
3.8. 
 
Figure 3.8 : Schematic of (a) Electrospinning apparatus with five nozzles, (b) 
Magnified five nozzles, (c) Cylindrical electrode connected with five 
nozzles [88] 
3.1.1.1 Factors Affecting Electrospinning Process and Nanofiber Properties 
There are many parameters that affect the stability of electrospinning process and 
properties of nanofibers as a result. These are solution properties (concentration, 
molecular weight, viscosity, surface tension), process parameters (voltage, needle to 
collector distance, flow rate, needle dimensions, take-up speed) and ambient 
parameters. 
Solution Properties 
Solution concentration is one of the most crucial parameters for electrospinning 
process. If the concentration is too low, the jet breaks as it does not resist to 
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electrostatic forces due to the low viscoelastic forces. Jet breaks cause the formation 
of discontinuous fibers or just particles. If concentration is within a proper range, 
molecular contacts and friction between polymer chains increase. Thus, jet breaks 
and bead formation are prevented because the internal forces can withstand to the 
electrostatic forces [89]. Gu et al. [80] stated that concentration directly affects the 
fiber diameter as shown as Figure 3.9. 
 
Figure 3.9 : Effect of concentration to fiber diameter [80] 
Viscosity, defining the intermolecular interactions in polymer solutions, has an 
important role on fiber diameter and morphology and is very relevant to 
concentration [90]. If the viscosity of the solution is too high, either electrostatic 
forces can not create a jet from polymer solution or micro-grade fibers occur. On the 
other hand, only particles are formed in lieu of fibers when viscosity is too low [81]. 
Due to the weak intermolecular interactions and increasing mobility of polymer 
chains in low viscosity solutions, the jet comes under higher elongation and thinner 
fibers are generated as a result [90]. 
Molecular weight is a determining parameter of the properties of polymers. The 
length of polymer chains, distance between molecules and chain interactions change 
related to molecular weight of polymer. Viscosity usually increases due to the 
increase of polymer weight of the polymer [89]. 
Viscoelastic forces protect polymer droplet from irregular forces during 
electrospinning. Electrostatic forces try to elongate and break the polymer jet in order 
to disperse the polymer droplet into structures having maximum surface area. 
Conversely, the surface tension tends to keep the polymer droplet in minimum 
surface area [91]. 
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Solvent used for dissolving the polymer is also important in electrospinning process. 
Because, it provides polymer chains to be more itinerant and open so, viscosity, 
surface tension and solution conductivity are affected [89]. When any additive, such 
as salts, plasticizers, surfactants, is added to the solution, then fiber diameter, 
morphology, diameter distribution and physical properties of electrospun fiber may 
change [81]. Park and Im [70] observed that adding different percentage of Ag to 
PAN/DMF solution helped to decrease the average diameter of fibers. In the case of 
heating the solution, viscosity decreases related to decline of polymer chain 
interactions. If viscosity decreases, polymer jet is drawn easier in electrospinning 
process [81]. 
Process Parameters 
Electrostatic forces tend to overcome viscoelastic and surface tension forces to form 
a jet from polymer droplet. Voltage should be optimized properly to obtain finer 
fibers and to provide stable electrospinning. A critical voltage value is needed to 
drive the polymer droplet, applying voltages lower than this value does not result a 
jet from polymer solution. When whipping stability decreases, coarser fibers are 
obtained. Increasing the voltage decreases whipping stability by the effect of current 
between the needle tip and collector [81]. High voltage affects both the physical 
properties and crystallinity of the fiber because electric field provides the polymer 
molecules align well. By the increase of applied voltage, the amount of crystalline 
areas rise due to the acceleration of jet [92]. Although Gu et al. [80] denoted that 
applied voltage does not affect average fiber diameter much, Ali and El-Hamid [84] 
claimed that average fiber diameter varies relevant to applied voltage. 
 
Figure 3.10 : Comparison of comments on the effect of voltage on fiber diameter 
(A) Gu et al. and (B) Ali and El-Hamid [80,84] 
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If the distance between the needle and the collector is increased, electric field 
decreases parabolic. On the other hand, if the distance between the needle and the 
collector is decreased coarser, semi-solidified and beaded fibers may be generated. 
The distance should be arranged properly because a polymer jet can not be created 
with long distances as electric field is not strong enough; conversely essential time 
and path can not be supplied with short needle to collector distances [90]. Ali and El-
Hamid [84] studied effects of the distance on fiber diameters as shown in Figure 
3.11.  
 
Figure 3.11 : Effect of needle to collector distance on fiber diameter [84] 
Applied voltage differs according to the flow rate of the solution. If the flow rate is 
higher than the value that applied voltage can draw, coarser or beaded fibers would 
be manufactured [93]. Solidification may not be eventuated completely if the flow 
rate is high. When the jet reaches the collector, the residual solvent on the jet can 
convert a fiber web into a film layer due to dissolving of the fiber [94]. If the flow 
rate is less than electrostatic forces can draw, needle chokes up due to solidification 
of the solution in needle tip [90]. 
Electrospun fibers generally randomly align but it is crucial to control the alignment 
of the fibers for many applications. Using rotating drums with high rotational speed 
can dissolve this problem. Sutasinpromprae et al. [57] explained increasing speed of 
the collector improves alignment as well as decreases the fiber diameter. 
Ambient Parameters 
Ambient humidity can change polymer solution properties during electrospinning 
process. At high humidity rates, liquid condensation may occur on fiber in regular 
electrospinning process conditions. Thus, ambient humidity can affect the fiber 
morphology of polymers which is dissolved in volatile solvents [95]. 
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Ambient temperature directly affects the evaporation of the solvent which is 
especially important for solidification of the solution. In the case of low temperature, 
polymer jet may not completely solidify until it reaches to the collector and that 
causes formation of coarser fibers. If ambient temperature is too high, the polymer jet 
solidifies before it sufficiently elongates [92]. 
3.1.2 Stabilization 
Oxidative stabilization is the most important step of carbon nanofiber production 
because it mainly determines the final structure and mechanical properties of the 
final product [96]. Oxidative stabilization of PAN is performed under air atmosphere 
and the process is directly affected by diffusion of oxygen molecules and 
stabilization byproducts [17]. Stabilization process is consisted of four chemical 
reactions including cyclization, dehydrogenation, crosslinking and oxidation. 
Especially, cyclization and dehydrogenation are the reactions providing heat stability 
of the fibers [97]. By courtesy of heat stability property, fibers do not melt at 
relatively high temperatures during carbonization and maintain stable in 
thermodynamics [67]. 
Applying tension to fiber during stabilization is a necessity in order to obtain 
mechanically strong fibers. Moon and Farris [14] wrapped fiber bundles around 
graphite sheets tightly to provide required tension prior to stabilization. On the other 
hand, Wu et al. [56] clamped both ends of the sheet with pieces of graphite plates. 
Then, they fixed one end to the ceiling of the oven and the other end was weighted 
by 75 g of metal poise to give a desired tension and elongation [56]. 
Besides alignment and stretching of fibers, scientific mechanisms of chemical 
changes and stabilization parameters such as tension value, stabilization temperature, 
processing time, must be constituted precisely [55]. Tensile strength and modulus 
increase while elongation at break decreases with increasing stabilization 
temperature. Although intermolecular forces weaken during stabilization, nanofibers 
are bonded with each other, the resistance among the fibers increases, and the 
breaking strength and initial modulus also increase [67]. In order to improve the 
mechanical properties of carbon fibers Zhou et al. [69] used heteropolyacids and 
Figure 3.12 shows the reaction mechanism of PAN including polyacids during 
stabilization. 
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Figure 3.12 : Schematic diagram denoting PA’s functions during the stabilization of 
PAN in air [69] 
3.1.3 Carbonization 
After stabilization, PAN nanofibers are heated up to 800-1500 oC in an inert 
atmosphere (nitrogen or argon) to obtain carbon nanofibers. Carbonization process 
over 1500 oC is called high temperature carbonization or graphitization. 
Carbonization is one of the most important processes in carbon nanofiber production 
because properties of final product are very relevant to process parameters. Final 
carbonization temperature, heating rate, duration of carbonization process should be 
accurately regulated. 
The average diameter of carbon nanofibers decreases during carbonization process. 
During carbonization, amorphous structure of PAN nanofibers is converted into 
graphitic crystalline structure which results in fiber diameter decline [70]. Panapoy et 
al. [79] explained that diameter of PAN nanofibers reduced from 370±70 to 275±31, 
242±45, 208±28 nm for 800, 900, 1000 oC temperatures. 
Zhou et al. [1] examined mechanical properties of carbon nanofibers produced at 
1000, 1400, 1800 and 2200 oC. They expressed that tensile strength and modulus of 
carbon nanofibers produced at 1000 oC were 325±15 MPa and 40±4 GPa 
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respectively and increased to 542±45 MPa and 58±6 GPa at 2200 oC as shown in 
Figure 3.13 [1].  
 
Figure 3.13 : Tensile strength and modulus of carbon nanofibers produced 
at different carbonization temperatures 
Moon and Farris [14] studied the effects of heating rate to the mechanical properties 
of carbon nanofibers. They manufactured carbon nanofibers with highest mechanical 
properties with the following recipe. The oven is firstly heated from room 
temperature to 300 oC with a heating rate of 5 oC/min, then heated to 800 oC with a 
heating rate of 3 oC/min, thirdly heated to 1000 oC with a heating rate of 2 oC/min 
and finally heated to 1350 oC using a heating rate of 1 oC/min and continued 
carbonization process for a further 10 minutes. Figure 3.14 shows the carbonization 
recipe of Moon and Farris [14]. They stated that “ The ramp rate in the carbonization 
process was decreased in order to induce stable conversion to the strong cross-linked 
structure through dehydrogenation and denitrogenation.” 
 
Figure 3.14 : Carbonization recipe of Moon and Farris [14] 
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Electrical conductivity of carbon nanofiber increases due to void space decrease, 
growth in the thickness and area of the graphitic crystallites and improvement of 
orientation caused by rising carbonization temperature [86]. Agend et al. [86] 
showed the effect of carbonization temperature to electrical conductivity in Figure 
3.15. 
 
Figure 3.15 : Electrical conductivity increase due to carbonization temperature [86] 
Increasing carbonization temperature also changes the microstructure of carbon 
nanofibers. Zhou et al. [1] investigated the structure of carbon nanofibers that are 
generated at 1000 oC and 2200 oC, under Transmission Electron Microscope (TEM). 
As can be seen in Figure 3.16 carbon nanofibers produced at 2200 oC are graphitic 
and graphene sheets stack together to form ribbon-shaped structures. On the other 
hand, carbon nanofibers derived at 1000 oC does not show such a structure. 
 
Figure 3.16 : TEM images of carbon nanofibers produced at (A) 1000, (B) 2200 oC 
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3.2 Properties 
Carbon nanofibers have high mechanical properties, acceptable thermal and 
electrical conductivities, good hydrogen storage and nanoscale diameters which 
make them favorable for many applications. 
3.2.1 Mechanical Properties 
The amount, size and distribution of structural defects such as surface defects, bulk 
defects and structural inhomogenity, macromolecular orientation and crystalline 
structure, morphological and structural homogeneity and diameters of fibers are the 
parameters which determine the mechanical properties of carbon fibers. Producing 
carbon nanofibers by electrospinning is an advantageous method because solvent 
removal through evaporation during electrospinning results less structural defects 
than coagulation in conventional spinning techniques do. Also smaller diameters of 
electrospun carbon nanofibers compared to traditional carbon fibers may cause less 
structural inhomogeneities during stabilization and carbonization. Furthermore, 
conventional fibers have little amount of macromolecular orientation while 
electrospun fibers are under huge elongation and fibers become oriented [55]. 
Moon and Farris [14] observed that increasing take-up velocity, up to a critical value, 
improved the mechanical properties. Carbon nanofibers with the highest strength are 
produced with 9.8 m/s of take-up velocity. Carbon nanofibers with a 9.8 m/s take-up 
velocity and a recipe revealed in Section 3.1.3 on page 49 had 986±15 MPa of 
ultimate strength. Application of a glue treatment after carbonization increased the 
ultimate strength of these carbon nanofibers to 1.7 GPa. They also studied the effect 
of twisting the fibers but surprisingly noticed that twisting caused a reduction in 
ultimate strength. This may be a result of fiber rupture during twisting [14]. 
Zhou et al. [69] used phosphoric acid in order to manufacture carbon nanofibers with 
higher mechanical properties. They indicated that carbon nanofibers containing 1.5 
wt. % of PA had mechanical strength 62.3 % higher than carbon nanofibers without 
PA. Carbon nanofibers with 1.5 wt. % of PA have 969 MPa of tensile strength while 
carbon nanofibers without PA have 597 MPa of tensile strength. Figure 3.17 shows 
the effect of PA content on tensile strength of carbon nanofibers [69]. 
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Figure 3.17 : Effect of phosphoric acid on tensile strength [69] 
3.2.2 Diameter 
Researchers produced PAN-based carbon nanofibers with diameters changing 
between 100 to 300 nm by electrospinning process. As mentioned before, Zussman 
et al. [85], obtained carbon nanofibers having diameters of 110 ± 40 nm while Agend 
et al. [86] have generated carbon nanofibers with 109 nm of average diameters. 
Nataraj et al. [68] used SiWA and SiMoA in order to decrease the diameters of 
carbon nanofibers. Carbon nanofibers including 1, 3, 5 wt.% SiMoA had diameters 
of 280, 180, 160 nm diameters respectively. On the other hand, carbon nanofibers 
with 1, 3, 5 wt.% of SiWA content had diameters of 280, 210, 190 nm respectively. 
Figure 3.18 shows the effect of SiMoA and Figure 3.19 shows the effect of SiWA 
content on diameters of carbon nanofibers. 
 
 
Figure 3.18 : Effect of SiMoA on the diameters of carbon nanofibers (A) 1 wt.% (B) 
3 wt.% (C) 5 wt.% [68] 
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Figure 3.19 : Effect of SiWA on the diameters of carbon nanofibers (A) 1 wt.% (B) 
3 wt.% (C) 5 wt.% [68] 
Nanofibers derived from PVA precursors have relatively coarser diameters but Ni 
addition into PVA solution, due to increase of the conductivity of the solution, 
decreases the average fiber diameter as shown in Figure 3.20. Electrospun PVA 
nanofibers had 520±90 nm of diameters while  electrospun PVA/Ni nanofibers had 
480±110 nm of the same. The average diameter declined to 290±60 nm after 
carbonization process [58]. 
 
Figure 3.20 : Diameter distribution of electrospun (A) PVA, (B) PVA/Ni nanofibers  
3.2.3 Electrical Conductivity 
Electrical conductivity is the measure of a material’s ability to conduct an electric 
current. When an electrical potential difference is placed across a conductor, its 
movable charges flow, giving rise to an electric current [98]. 
Agend et al. [86] produced carbon nanofibers with electrical conductivity of 600 
S/cm. They also noticed that increasing carbonization temperature increases the 
value of electrical conductivity. The electrical conductivity of carbon nanofibers 
obtained at 900 oC was 150 S/cm while that of carbon nanofibers fabricated at 1100 
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oC was 600 S/cm. On the other hand, the electrical conductivity of carbon nanofibers 
generated by Zhou et al. [1] at 2200 oC was 840 S/cm. Electrical conductivity 
parallel to bundle axis improved 367 % and electrical conductivity of perpendicular 
to bundle axis enhanced 692 % with the rise of temperature from 1000 oC to 2200 oC 
as shown in Figure 3.21 [1]. 
 
Figure 3.21 : Increase of electrical conductivity due to carbonization temperature [1] 
Park and Im [70] added silver nanoparticles into PAN/DMF solution in order to 
reduce the electrical resistance. The electrical resistance decreased with increasing 
silver concentration. The average volume resistivity was 1.3 x 10-1 Ω.cm in the 
absence of silver particles and it decreased to 4.5 x 10-2 Ω.cm when 1 wt. % silver 
particles are added to the solution. Electrical resistances were measured as 4.0 x 10-2 
and 3.5 x 10-2 Ω.cm for 3 wt. % and 5 wt. % concentrations respectively. Figure 3.22 
shows the experimental procedure of PAN/silver based carbon nanofibers [70]. 
 
Figure 3.22 : Experimental procedure of PAN/silver based carbon nanofibers [70] 
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Figure 3.23 : Electrical conductivity of materials  
Figure 3.23 shows the scale of electrical conductivities and electrical properties of 
some materials. PAN, as a polymer, has an electrical conductivity between the range 
of 10-10 10-9 S/m at room temperature. With these values, PAN can be considered as 
an insulator. However, after it is converted into carbon nanofiber, electrical 
conductivity rises between 104-105 S/m, which makes them conductors. 
3.2.4 Thermal Conductivity 
Carbon fibers can be used in a variety of thermal control applications because of 
their relatively high thermal conductivities [99]. Mahanta et al. [100] claimed that 
“Recently, carbon nanostructures have been proposed as potential filler materials in 
thermal management solutions for consumer electronics of the future.” 
Mahanta et al. [100] produced carbon nanofibers with a maximum thermal 
conductivity of 157 W/m-K but stated that they would generate carbon fibers having 
thermal conductivity over 500 W/m-K with some configuration. If the orientation of 
crystalline parts in the fiber increases, thermal conductivity would also increase 
[101]. It is considerable to use three-dimensional network structure of carbon 
nanotubes to improve the thermal conductivity. The high thermal conductivity of 
carbon nanotubes helps the heat flow and reduces the heat resistance [99]. Naito et 
al. [99] has grown carbon nanotubes on carbon fibers as shown in Figure 3.24 and 
Figure 3.25 shows the enhancement of thermal conductivity of carbon fibers on 
which carbon nanotubes occur. Thermal conductivities of two different types of 
carbon fibers with CNTs were measured as 18.6±1.7 and 967.1±29.7 W/m-K. 
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Figure 3.24 : Schematic model of CNTs-grafted carbon fiber filament [99] 
 
Figure 3.25 : Comparison of thermal conductivities of as-spun and CNTs-grafted 
carbon fibers [99] 
Table 3.1 shows the thermal conductivities of some materials. Carbon nanofibers 
compared to these materials have better thermal conductivity in some cases and it is 
a candidate to remove these materials in many applications. 
Table 3.1 : Thermal conductivity of some materials [99] 
Material Thermal conductivity (W/m-K) 
Cirlex ® 0,16 
FEP Teflon ® 0,17 
Aluminum 214 
Brass 170 
Quartz pure glass 1,46 
Stainless steel 16,6 
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3.2.5 Hydrogen Storage 
Hydrogen is becoming popular with the chance to use it as an environmentally 
friendly fuel for transportation and suitable materials for its storage is the subject of 
current researches [102]. Besides carbon nanotubes active carbon, active carbon fiber 
and graphite powder can be considered as suitable materials for hydrogen storage 
[103]. Due to better adsorption capacity compared to conventional activated granular 
and powder carbon materials woven and nonwoven carbon fibers are more desirable 
to be used as absorbed materials. It is advisable to use thinner fibers for better gas 
separation and liquid adsorption. Thus, electrospinning in which ultrafine fibers can 
be produced, is an advantageous method [71]. 
Kim et al. [71] obtained carbon fibers with hydrogen storage capacities varying 0.16-
0.50 wt. % despite carbon nanofibers had very low surface areas. However, they 
added IAA into PAN/DMAc solution in order to enhance the absorption capacity. At 
5 wt. % concentration and 1300 oC carbonization temperature graphite nanofibers 
showed about 1 wt. % of hydrogen storage. On the other hand, Rawat et al. [102] 
synthesized carbon nanofiber doped carbon liquid crystals and obtained 3.5 wt. % of 
hydrogen storage under 6.6 atm pressure. 
3.3 Applications 
Carbon nanofibers, with unusual combination of properties such as high mechanical 
properties, high surface area and high electrical conductivity, are appropriate for 
many applications [65]. Carbon nanofibers can be used on their own as well as they 
can be used as composites with other polymers or can be added into some materials 
in order to change or improve the properties of the material. 
3.3.1 Lithium-ion Batteries 
Rechargeable batteries are important especially for their widely use in electronic 
devices. High-performance rechargeable lithium-ion batteries, with their high-energy 
density, high working voltage, low self-discharge rate and flexible design, are the 
most attractive candidates for high-energy density electrochemical power sources 
[104]. Lithium-ion batteries are commercially available as portable power sources for 
electronic devices and there is an increasing demand for higher capacity and higher 
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power especially for electric and hybrid vehicles, wireless communication devices 
and storage systems [105].  
A flexible lithium-ion battery is consisted of electrodes, electrolyte and a plastic 
laminated aluminum foil case [106]. The conductivity of active materials which exist 
in composite electrode are generally not sufficient, so conducting additives are 
required to enhance the conductivity [104]. However, after carbonization, the 
resultant carbon nanofibers can be used as anodes for lithium-ion batteries without 
adding polymer binder or conductive additive [105]. 
 
Figure 3.26 : Schematic representation of a cylindrical lithium-ion battery [107] 
3.3.2 Supercapacitors 
A supercapacitor, also called as electric double-layer capacitor, is defined as an 
electrochemical capacitor with relatively high energy density, typically on the order 
of thousands of times greater than an electrolytic capacitor [108]. Materials which 
would be used as electrodes for supercapacitors should possess some properties. 
They should have a high conductivity in order to provide a high power density. A 
suitable pore size distribution is needed in order to enhance capacitance either in 
organic or aqueous electrolytes [109]. They should possess a large amount of surface 
functionalities because they could undergo fast redox reactions in order to improve 
the capacitance [110]. 
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Carbon nanowebs can properly be used in supercapacitor applications because they 
do not require further treatment which cut the supercapacitor performance down. 
Due to their large specific surface area and high electrical conductivity carbon 
nanowebs can be employed in electrodes of supercapacitor and secondary battery 
with high performance [111]. 
In order to enhance the properties of carbon nanofibers for supercapacitor 
applications some modifications can be applied. For example, carbon nanofibers can 
be coated by polyaniline (PANI) to combine the superior properties of carbon 
nanofibers and PANI. The coalescence of high surface area, adjustable surface 
functionalities, dimensional stability and transport property of carbon nanofibers and 
high electrical conductivity, adjustable redox state and environmental stability of 
PANI result convenient material for supercapacitor applications [112]. 
 
Figure 3.27 : Schematic representation of a supercapacitor [113] 
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3.3.3 Fuel Cells 
A fuel cell is an electrochemical cell that converts a source fuel into an electric 
current. Electricity is produced in a cell through reactions between a fuel and an 
oxidant, triggered by an electrolyte. The reactants flow into the cell and the reaction 
products are ejected, while the electrolyte remains within it. Fuel cells can operate 
permanently as long as the required reactant and oxidant flows are fostered [114]. 
Traditional energy sources, such as fossil fuels, are started to be removed by 
renewable energies and fuel cells particularly for mobile applications. Carbon 
nanofibers with their high electrical conductivity, large surface area, excellent 
chemical properties, are adequate materials for fuel cell electrodes [115]. 
 
Figure 3.28 : Schematic representation of a fuel cell [116] 
3.3.4 Electromagnetic Interference (EMI) Shielding 
Electromagnetic interference (EMI) is one of the most common issues in recent 
applications such as commercial and scientific electronic instruments, antenna 
systems and military electronic devices. Electrically conductive polymers and 
polymer-based conductive composites are more favourable in EMI shielding 
applications compared to traditional metals due to their light weight, corrosion 
resistance and flexibility [117]. Recently, polymer composites containing carbon-
based fillers, such as carbon nanofibers, carbon nanotubes, carbon fibers, graphite, 
carbon black, are considered as eligible materials for EMI shielding [118]. Carbon 
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nanofibers and carbon nanotubes with their smaller diameters, higher conductivities 
and strengths are more desirable as such fillers. 
Yang et al. [117] dispersed carbon nanofibers and a small amount of carbon 
nanotubes into polystyrene (PS) matrix to improve EMI shielding characteristic. 
They expressed that with the addition of 1 wt. % of carbon nanotubes into 10 wt. % 
of carbon nanofibers-polystyrene composite, the shielding effectiveness was 20.3 dB 
which is needed for commercial applications. 
3.3.5 Sensors 
A biosensor is an analytical device which converts a biological response into an 
electric signal [119]. It is composed of two parts, called bioreceptor and transducer. 
The bioreceptor is a biomolecule which recognizes the target analyte and the 
transducer converts the recognition into a measurable signal [120].  
 
Figure 3.29 : Schematic representation of a biosensor [120] 
Due to their conductivity, biocompatibility, easy functionalization and very large 
surface areas carbon nanomaterials are acceptable materials for biosensor 
applications. Carbon nanofibers can both be used as immobilization matrixes for 
biomolecules and convey the electrochemical signal acting as transducers. Thus, very 
sensitive, stable and reproducible electrochemical biosensors can be generated by the 
utilization of carbon nanofibers [121]. 
Jang and Bae [122] produced carbon nanofiber/polypyyrole (PPy) coaxial nanocables 
by one-step vapor deposition polymerization (VDP) as shown in Figure 3.30 and 
investigated the capability of nanocables to sense irritant gases such as ammonia 
(NH3) and hydrochloric acid (HCl). 
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Figure 3.30 : Schematic procedure of the one-step VDP for fabricating PPy-coated 
carbon nanofibers 
They denoted that CNF/PPY coaxial nanofibers were successful as highly sensitive 
toxic gas sensor because the response magnitude increased by the accrual in NH3 and 
HCl concentration and the responses were reversible and reproducible after 
interaction of the cable with NH3 and HCl [122]. 
3.3.6 Additives 
Carbon nanofibers can be used as additives in order to enhance the properties of 
some materials. Phase change materials (PCMs) are widely used in energy storage, 
thermal protection systems and active and passive cooling of electronic devices. 
Paraffin waxes can be employed as PCMs for thermal storage applications, but 
besides their superior properties suitable for this application their low thermal 
conductivity and large volume change during phase transition are unfavorable 
properties [123]. Elgafy and Lafdi [123] added carbon nanofibers into paraffin wax 
using shear mixing and melting techniques in order to improve thermal performance 
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of paraffin wax. Figure 3.31 shows the increase of thermal conductivity of paraffin 
wax with increasing carbon nanofiber content. 
 
Figure 3.31 : Increase of thermal conductivity with increasing CNF content 
Untreated polyurethane foams (PUFs), due to their low density and low thermal 
conductivity, have a tendency to rapid fire growth. Zammarano et al. [124] implied 
that the existence of carbon nanofibers obstructed foam collapse, melt dripping 
which blocks flame spread. Furthermore, heat release rate decreases by preventing 
the transfer of burning material to adjacent surfaces. 
Lafdi et al. [125] searched the effect of carbon nanofiber content in PS/CNF 
composite and heat treatment temperature on mechanical, electrical and thermal 
properties. They realized that in most cases increasing carbon nanofiber content 
improves the properties of the composite as shown in Figure 3.32-34. 
 
Figure 3.32 : Nanocomposite flexural modulus percent improvement [125] 
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Figure 3.33 : Electrical resistivity of nanocomposite [125] 
 
Figure 3.34 : Thermal conductivity of nanocomposite [125] 
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4.  EXPERIMENTAL 
The aim of the experimental part is to produce carbon nanofibers with optimum 
experimental conditions including electrospinning, stabilization and carbonization 
parameters. All these parameters are determined as a result of an extensive literature 
research. 
4.1 Production 
The production of carbon nanofibers are performed in three stages. Firstly, 
electrospinning process is implemented in Faculty of Textile Technologies and 
Design, Istanbul Technical University. Secondly, stabilization process is carried out 
in Aksa Akrilik Kimya Sanayi Anonim Şirketi, Yalova. Finally, carbonization 
process is actualized in Faculty of Chemical and Metallurgical Engineering, Istanbul 
Technical University. 
4.1.1 Electrospinning 
Electrospinning is used to fabricate nanowebs consisting of PAN nanofibers. PAN 
copolymer, constituted of acrylonitrile (CH2CHCN) monomer and vinyl acetate 
(CH3COOCH=CH2), is used in the experiments. The average molecular weight of 
PAN copolymer varies between 120,000-150,000 g/mol. PAN is dissolved in high 
purity (99.9 %) DMF in order to prepare the electrospinning solution. Both PAN 
copolymer and DMF are obtained from Aksa Akrilik Kimya Sanayi Anonim Şirketi, 
Yalova. Electrospinning parameters determined for this work are as follows; 
• PAN/DMF concentration: 8-12 wt. % 
• Voltage: 12-24 kV 
• Flow rate: 0.5-1.6 ml/h 
• Needle tip to collector distance: 10-15 cm 
• Take-up speed: 0-6000 rpm 
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Figure 4.1 shows the electrospinning device used in this work. The device is 
developed with the support of TUBITAK Project No: 108M045 in Faculty of Textile 
Technologies and Design, Istanbul Technical University. Electrospinning 
experiments, parameters and comments on the experiments are given in Appendix 
section.  
 
Figure 4.1 : The electrospinning device used in this work 
High voltage is generated by GAMMA High Voltage Power Supply which is capable 
of creating high voltage between 0-100 kV. ORIENTAL Motor is utilized in order to 
provide the rotational motion of the collector. A rotor mechanism is installed to 
increase the rotational speed of the collector. Rotational speeds up to 9000 rpm can 
be obtained by this configuration. A linear actuator is employed to supply the axial 
motion of the collector. Solution is fed to the nozzle by the help of SK-5001 Syringe 
Pump. Solution flow rates varying between 0-100 ml/h can be adjusted by the pump. 
Two different types of collectors are used for electrospinning experiments. Disk-type 
collector is used for high collector speed experiments, on the other hand drum-type 
collector is used for the rest of the samples. 
 
Figure 4.2 : Collectors used in this work (A) Drum- (B) Disk-type 
A B 
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4.1.2 Stabilization 
Prior to carbonization, stabilization process should be carried out in order to prepare 
PAN nanofibers to withstand to relatively high temperatures which they would come 
under during carbonization process. The stabilization process is performed in Aksa 
Akrilik Kimya Sanayi Anonim Şirketi, Yalova. MEMMERT UFE 400 oven (Figure 
4.3) is used for stabilization in this work. 
 
Figure 4.3 : MEMMERT UFE 400 oven 
In the literature, researchers applied different stabilization recipes. It is understood 
from the literature that lower heating rate gives better results in the resultant carbon 
nanofiber because run-away exotherms, which occur during stabilization are avoided 
by this way. Stabilization is performed in air atmosphere because oxygen is an 
important gas to initiate the reactions which provide the thermally durable structure 
for carbonization process. The nanoweb is peeled off the aluminum foil and wrapped 
around a glassy material tightly in order to provide the required tension on PAN 
nanofibers. Applying tension during stabilization is crucial for obtaining resultant 
carbon nanofibers having better mechanical properties. The recipe which is used in 
this experiment is heating the nanofibers from room temperature to 220 oC by using 
1oC/min heating rate. After the oven is reached to 220 oC samples are kept in the 
oven for further 13 hours as shown in Figure 4.4.  
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Figure 4.4 : Stabilization recipe used in this work 
After stabilization process, colour of the samples has returned into brown. The 
oxidized samples should be characterized with different methods, such as Scanning 
Electron Microscopy (SEM) and Fourier transform infrared spectroscopy (FT-IR) to 
conceive whether the nanoweb is properly stabilized or not. The results of 
characterization will be shown in characterization part. 
4.1.3 Carbonization 
Carbonization is the last step to obtain carbon nanofibers. Carbonization process is 
performed in Faculty of Chemical and Metallurgical Engineering in ITU. Carbolite 
CTF 1200 (Figure 4.5) and Protherm PC442 tube furnaces are employed for this 
process. An inert atmosphere is created using nitrogen gas to hinder undesirable 
reactions during carbonization which is carried out at high temperatures. Nitrogen is 
fed to the tube with 0.5 l/h of flow rate. Stabilized samples are put in aluminum 
oxide (alumina) boat (Figure 4.6) to prevent the samples flit. Then the boat is located 
at the center of the tube of the carbonization furnace. No tension is applied during 
carbonization process.  
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Figure 4.5 : Carbolite CTF 1200 tube furnace 
 
Figure 4.6 : Aluminum oxide (alumina) boat 
Various carbonization recipes are used in order to perceive the effect of 
carbonization parameters (carbonization temperature, heating rate, pending time) on 
fiber morphology and properties. Table 4.1 shows the parameters of carbonization 
process. Carbonization temperature shows the ultimate temperature used for the 
experiment, pending time represents the time that the sample has pent at the ultimate 
temperature and heating rate expresses increase of the temperature in every single 
minute. 
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Table 4.1 : Carbonization parameters used in this work 
Recipe # Temperature Heating rate Pending time Total time 
1 800 °C 5 °C/min 60 min 215 min 
2 1000 °C 5 °C/min 60 min 255 min 
3 800 °C 5 °C/min 120 min 275 min 
4 800 °C 5 °C/min 180 min 335 min 
5 800 °C 3 °C/min 60 min 318 min 
6 800 °C 2 °C/min 60 min 448 min 
7 800 °C 4 °C/min 60 min 253 min 
8 800 °C 5 °C/min 240 min 395 min 
9 900 °C 5 °C/min 60 min 235 min 
10 1100 °C 5 °C/min 60 min 275 min 
11 1200 °C 5 °C/min 60 min 295 min 
12 1400 °C 5 °C/min 60 min 335 min 
Figure 4.7-18 shows the carbonization recipes used in this project.  
Recipe 1 
Stabilized PAN nanofibers are heated from room temperature to 800 °C with a 
5°C/min heating rate and the process has continued at this temperature for a further 
60 minutes. Total carbonization process takes 215 minutes. 
 
Figure 4.7 : Graphical representation of carbonization recipe #1 
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Recipe 2 
Stabilized PAN nanofibers are heated from room temperature to 1000 °C with a 
5°C/min heating rate and the process has continued at this temperature for a further 
60 minutes. Total carbonization process takes 255 minutes. 
 
Figure 4.8 : Graphical representation of carbonization recipe #2 
Recipe 3 
Stabilized PAN nanofibers are heated from room temperature to 800 °C with a 
5°C/min heating rate and the process has continued at this temperature for a further 
120 minutes. Total carbonization process takes 275 minutes. 
 
Figure 4.9 : Graphical representation of carbonization recipe #3 
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Recipe 4 
Stabilized PAN nanofibers are heated from room temperature to 800 °C with a 
5°C/min heating rate and the process has continued at this temperature for a further 
180 minutes. Total carbonization process takes 335 minutes. 
 
Figure 4.10 : Graphical representation of carbonization recipe #4 
Recipe 5 
Stabilized PAN nanofibers are heated from room temperature to 800 °C with a 
3°C/min heating rate and the process has continued at this temperature for a further 
60 minutes. Total carbonization process takes 318 minutes. 
 
Figure 4.11 : Graphical representation of carbonization recipe #5 
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Recipe 6 
Stabilized PAN nanofibers are heated from room temperature to 800 °C with a 
2°C/min heating rate and the process has continued at this temperature for a further 
60 minutes. Total carbonization process takes 448 minutes. 
 
Figure 4.12 : Graphical representation of carbonization recipe #6 
Recipe 7 
Stabilized PAN nanofibers are heated from room temperature to 800 °C with a 
4°C/min heating rate and the process has continued at this temperature for a further 
60 minutes. Total carbonization process takes 253 minutes. 
 
Figure 4.13 : Graphical representation of carbonization recipe #7 
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Recipe 8 
Stabilized PAN nanofibers are heated from room temperature to 800 °C with a 
5°C/min heating rate and the process has continued at this temperature for a further 
240 minutes. Total carbonization process takes 395 minutes. 
 
Figure 4.14 : Graphical representation of carbonization recipe #8 
Recipe 9 
Stabilized PAN nanofibers are heated from room temperature to 900 °C with a 
5°C/min heating rate and the process has continued at this temperature for a further 
60 minutes. Total carbonization process takes 235 minutes. 
 
Figure 4.15 : Graphical representation of carbonization recipe #9 
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Recipe 10 
Stabilized PAN nanofibers are heated from room temperature to 1100 °C with a 
5°C/min heating rate and the process has continued at this temperature for a further 
60 minutes. Total carbonization process takes 275 minutes. 
 
Figure 4.16 : Graphical representation of carbonization recipe #10 
Recipe 11 
Stabilized PAN nanofibers are heated from room temperature to 1200 °C with a 
5°C/min heating rate and the process has continued at this temperature for a further 
60 minutes. Total carbonization process takes 295 minutes. 
 
Figure 4.17 : Graphical representation of carbonization recipe #11 
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Recipe 12 
Stabilized PAN nanofibers are heated from room temperature to 1400 °C with a 
5°C/min heating rate and the process has continued at this temperature for a further 
60 minutes. Total carbonization process takes 335 minutes. 
 
Figure 4.18 : Graphical representation of carbonization recipe #12  
4.2 Characterization 
Characterization is an important step in carbon nanofiber production to understand 
the structure, morphology and properties of the product. Nanofibers are nanoscale 
materials so SEM images are necessary to analyze the morphology. Characterization 
method such as FT-IR is useful to prove the conversion of PAN nanofibers into 
carbon nanofibers. Furthermore, electrical conductivity and mechanical properties 
are determinent properties to investigate the suitability of carbon nanofibers for 
different applications.   
4.2.1 Scanning Electron Microscope (SEM) 
Scanning Electron Microscope (SEM) is a type of electron microscope which images 
the sample surface by scanning it with a high energy beam of electrons in a raster 
scan pattern. The electrons interact with the atoms that make the sample producing 
signals. The signals can give information about the morphology and the composition 
of the material [126]. 
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 Figure 4.19 : Schematic 
When a beam of primary electrons strikes a bulk solid, the electrons 
reflected or absorbed, producing various signals. 
pear-shaped volume in the solid. B
responses are produced
modes in the SEM involve the capture of secondary and backscattered electrons.
Modern SEMs may include energy dispersive x
dispersive (WD) analyzer which gives 
[127]. 
The principle of SEM can be defined by 
which is condensed by projecting lens and the objective lens respectively, generates 
the electron beam. When it is in the operational state the 
evacuated to about 10
Y-scan coils in the microscope
driven by a scan generator. The secondary electrons and x
photomultiplier to form an image and provide
JEOL JSM-6335F (Figure 4.20) is used for SEM experiments.
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representation of scanning electron m
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ackscattered electrons (BSE)
 as well as secondary electrons (SE). 
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the help of Figure 4.19
microscope
6
 torr because the whole system is tightly sealed. 
 column and in the cathode ray tube are concurrently 
-rays are collected by the 
 chemical compositional data [1
 
 
 
icroscope [126] 
are either 
, x-rays and other 
The most frequent 
 
 
. The electron gun, 
 column can be 
The X- and 
27]. 
 78
 
Figure 4.20 : JEOL JSM-6335F Scanning Electron Microscope 
4.2.2 Fourier Transform Infrared Spectroscopy (FT-IR)  
Fourier transform infrared (FT-IR) spectroscopy is a measurement technique for 
collecting infrared spectra. Instead of recording the amount of energy absorbed when 
the frequency of the infrared light is varied (monochromator), the infrared light is 
guided through an interferometer. After passing through the sample, the measured 
signal is the interferogram. Performing a Fourier diagram on this signal data results 
in a spectrum identical to that from dispersive infrared spectroscopy [128]. 
 
Figure 4.21 : Schematic illustration of FT-IR system 
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The infrared spectrum of a sample is collected by passing a beam of infrared light 
through the sample. Examination of the transmitted light reveals how much energy 
was absorbed at each wavelength. A transmittance or absorbance spectrum can be 
produced, showing at which IR wavelengths the sample absorbs. Analysis of these 
absorption characteristics reveals details about the molecular structure of the sample 
[129]. Figure 4.22 shows the wavelengths at which the bonds absorb. Figure 4.23 
shows the device used for FT-IR analysis in AKSA Akrilik Kimya Sanayi Anonim 
Şirketi, Yalova.   
 
Figure 4.22 : Characteristic IR absorption frequencies of functional groups 
 
Figure 4.23 : BRUKER ALPHA FT-IR Spectrometer 
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5.  RESULTS AND DISCUSSION 
Effects of electrospinning and carbonization parameters on average fiber diameter, 
fiber morphology and fiber properties is the subject of this thesis. Collector speed, 
voltage, needle to collector distance and solution concentration are the determined 
electrospinning parameters to examine while the carbonization parameters are 
carbonization temperature, heating rate and carbonization duration. SEM and FT-IR 
are the methods to characterize the products. 
5.1 Scanning Electron Microscope (SEM) 
Firstly, effects of electrospinning parameters are examined because these are the 
determining factor of the average fiber diameter. So, it is worthy to understand the 
influence of electrospinning parameters.  
Effect of collector speed 
Rotational speed of the collector is an important parameter to obtain the preferred 
alignment of nanofibers. Refer to SEM images it is easily noticed that the alignment 
of nanofibers is reasonably improved. Table 5.1 shows the parameters of the 
experiments planned to determine the effect of rotational speed of the collector. 
Sample # Concentration 
(wt.%) 
Voltage 
(kV) 
Flow rate 
(ml/h) 
Distance 
(cm) 
Collector speed 
(rpm) 
33 10 20 0,5 11 3000 
34 10 20 0,5 11 4000 
35 10 20 0,5 11 5000 
36 10 20 0,5 11 2000 
37 10 20 0,5 11 6000 
SEM images of various samples produced with changing collector speeds are shown 
in Figure 5.1. Besides improvement of nanofiber orientation, the average fiber 
diameter is decreased with the increase of rotational speed of the collector. Normally, 
PAN nanofibers with 10 wt.% concentration are expected to have diameters about 
Table 5.1 : Experiments to determine the effect of rotational speed of collector 
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200 nm but average fiber diameter of the sample, produced at 2000 rpm collector 
speed, is 125 nm and average fiber diameters of the samples, produced at 3000, 
4000, 5000, 6000 rpm, are about 100±5 nm. Thus, increasing rotational speed of the 
collector would be useful for carbon nanofiber applications as more alignment and 
less average fiber diameter have a positive effect on final carbon nanofiber 
properties. 
 
Figure 5.1 : SEM images of high collector speed experiments (A) 2000, (B) 3000, 
(C) 4000, (D) 5000 and (E) 6000 rpm 
Effect of solution concentration 
Concentration of the solution is also an important electrospinning parameter because 
it directly affect the viscosity, surface tension and process parameters. As a result, 
average fiber diameter changes related to solution concentration. Experiments 
implemented in order to analyze the effect of concentration are shown in Table 5.2. 
Table 5.2 : Experiments to determine the effect of solution concentration 
Sample # Concentration 
(wt. %) 
Voltage 
(kV) 
Flow rate 
(ml/h) 
Distance 
(cm) 
7 8 18 1,2 13 
1 10 18 1,2 13 
25 12 18 1,2 13 
By the help of SEM images average fiber diameters are calculated by taking 
measurements at least 40 different points. Average fiber diameter of the sample with 
8 wt.% concentration is 125 nm, while same of the sample with 10 wt.% 
A B C 
D E 
 83
concentration is 210 nm. On the other hand, average diameter of the sample with 12 
wt.% concentration is 249 nm. Thus, it can be supposed that the average fiber 
diameter increases with increasing solution concentration. Figure 5.2 shows SEM 
images of the experiments fabricated for determining the concentration effect. 
 
Figure 5.2 : SEM images of PAN nanofibers with different concentrations (A) 8,  
(B) 10, (C) 12 wt.% 
Effect of voltage 
There is not an agreement between the researchers about the effect of voltage on 
fiber morphology and average fiber diameter yet. Some researchers [80] claim that 
voltage does not have a noticeable effect on average fiber diameter while some 
others [84] state voltage affects the average fiber diameter. An experiment plan is 
designated to understand the influence of voltage on fiber morphology. Table 5.3 
shows the electrospinning parameters of experiments made to detect the voltage 
effect. 
Sample # Concentration  
(wt. %) 
Voltage 
(kV) 
Flow rate 
(ml/h) 
Distance 
(cm) 
22 10 17 1,2 12 
29 10 20 1,2 12 
30 10 22 1,2 12 
31 10 24 1,2 12 
The samples are produced using 17, 20, 22, 24 kV of voltages. Average fiber 
diameters of fibers are calculated by the help of SEM images. When the average 
fiber diameters of these samples are compared it is realized that voltage does not 
have a real effect on average fiber diameter. Average fiber diameters of all samples 
were about 140±10 nm. SEM images of PAN nanofibers which are manufactured in 
order to understand the effect of voltage are shown in Figure 5.3. 
Table 5.3 : Experiments to determine the effect of voltage 
A B C 
 84
 
Figure 5.3 : SEM images of PAN nanofibers with varying voltage (A) 17, (B) 20, 
(C) 22 and (D) 24 kV 
Effect of needle tip to collector distance 
Needle tip to collector distance is one of the determining factors of the average fiber 
diameter. Increasing needle to collector distance up to a critical value results a 
decrease of average fiber diameter. Because needle tip to collector distance defines 
the reaching time of jet to collector and when the length of the path that the jet moves 
increases fibers elongate more. Thus thinner fibers can be formed. However, for the 
distances over the critical distance coarser fibers are started to be produced. Table 5.4 
shows the electrospinning parameters of experiments made to observe the effect of 
needle tip to collector distance. 
Table 5.4 : Experiments to determine the effect of distance 
Sample # Concentration  
(wt. %) 
Voltage 
(kV) 
Flow rate 
(ml/h) 
Distance 
(cm) 
38 10 18 1.1 11 
39 10 18 1.1 12 
40 10 18 1.1 13 
41 10 18 1.1 14 
SEM images are used to measure the average diameters of the nanofibers. 11, 12, 13 
and 14 cm of needle tip to collector distances are used as the other electrospinning 
parameters are kept constant. According to SEM images the average fiber diameters 
are 171, 159, 131 and 141 nm respectively. So, it is observed that average fiber 
diameter unsurprisingly declined by the increase of the distance but over 13 cm it has 
A B 
C D 
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started to increase. Figure 5.4 shows the SEM images of the samples produced in 
order to observe the effect of needle tip to collector distance. 
 
Figure 5.4 : SEM images of PAN nanofibers produced with different distances      
(A) 11, (B) 12, (C) 13 and (D) 14 cm 
Effect of flow rate 
Voltage value is regulated due to the flow rate in order to obtain a stable jet during 
electrospinning. So, flow rate and voltage should be modified mutually. In the 
literature, the effect of flow rate on average fiber diameter and fiber morphology is 
not analyzed in detail. It is worth understanding whether flow rate has an effect on 
average fiber diameter or not. 1, 1.1, 1.2 and 1.3 ml/h of flow rates are used to 
examine the effect of flow rate on fiber properties. Table 5.5 shows the 
electrospinning parameters of the experiments designated to observe the effect of 
flow rate. 
Sample # Concentration  
(wt. %) 
Voltage 
(kV) 
Flow rate 
(ml/h) 
Distance 
(cm) 
39 10 18 1.1 12 
42 10 18 1 12 
43 10 18 1.2 12 
44 10 18 1.3 12 
Table 5.5 : Experiments to determine the effect of flow rate 
A B 
C D 
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By the help of SEM images, average fiber diameters of the samples are determined. 
There is not an exact relationship between the fiber diameter and flow rate according 
to these measurements. Average fiber diameters of the samples are 175, 159, 172 and 
159 nm, respectively. Figure 5.5 shows the SEM images of the samples fabricated to 
observe the effect of flow rate on fiber diameter. 
 
Figure 5.5 : SEM images of PAN nanofibers with different flow rates (A) 1, (B) 1.1, 
(C) 1.2 and (D) 1.3 ml/h 
Effect of carbonization temperature 
Besides electrospinning parameters, carbonization parameters also affect carbon 
nanofiber properties. In the literature, it is stated that average fiber diameter of 
carbon nanofibers decreases drastically by the increase of carbonization temperature. 
However, there is not much information about the effect of heating rate and pending 
time. In this work, all these three parameters are examined. Table 5.6 and 5.7 show 
the parameters of carbonization experiments made for observing the effect of 
carbonization temperature on average fiber diameter. 
Table 5.6 : Carbonization experiments to analyze the effect of temperature 
Recipe # Temperature (°C) Heating rate (°C/min) Pending time (min) 
1 800 5 60 
9 900 5 60 
2 1000 5 60 
A B 
C D 
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Table 5.7 :  Carbonization experiments to analyze the effect of temperature 
Recipe # Temperature (°C) Heating rate (°C/min) Pending time (min) 
10 1100 5 60 
11 1200 5 60 
12 1400 5 60 
Electrospinning sample #26 is stabilized according to the stabilization recipe and 
then carbonization process is carried out at 800, 900, 1000 °C. On another 
experiment electrospinning sample #30 is carbonized at 1100, 1200, 1400 °C after it 
has stabilized. By using SEM images average fiber diameters of the samples are 
measured. Average fiber diameter of sample #26 was 185 nm, while this value 
decreased to 145 nm after stabilization. After carbonization at 800 °C the average 
fiber diameter declined to 110 nm and average fiber diameters of samples carbonized 
at 900 and 1000 °C were 106 and 104 nm, respectively.  
On the other hand, electrospinning sample #30 is carbonized at 1100, 1200 and 1400 
°C. Average fiber diameter of electrospun PAN nanofiber was 137 nm and after 
stabilization it has just decreased to 136 nm. Average fiber diameters of carbon 
nanofibers were measured 78, 70 and 66 nm by increase of carbonization 
temperature. Figure 5.6 and 5.7 shows SEM images of the carbon nanofibers 
manufactured to observe the effect of carbonization temperature.  
 
Figure 5.6 : SEM images of (A) electrospun, (B) stabilized PAN nanofibers and 
carbon nanofibers manufactured at (C) 800, (D) 900 and (E) 1000 °C 
A B C 
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Figure 5.7 : SEM images of (A) electrospun, (B) stabilized PAN nanofibers and 
carbon nanofibers manufactured at (C) 1100, (D) 1200 and (E) 1400 °C 
Effect of heating rate 
Effect of heating rate of carbonization process is also examined. Samples were 
carbonized at 800 °C as they were heated to this temperature from room temperature 
by 2, 3, 4 and 5 °C/min heating rates. Table 5.8 shows carbonization parameters of 
carbon nanofibers produced to observe the effect of heating rate on average fiber 
diameter. 
Table 5.8 : Carbonization experiments to analyze the effect of heating rate 
Recipe # Temperature (°C) Heating rate (°C/min) Pending time (min) 
6 800 2 60 
5 800 3 60 
7 800 4 60 
1 800 5 60 
According to SEM images average fiber diameters are measured and it is noticed that 
fiber diameters decreased as a result of decline in heating rate. Average fiber 
diameters are 76, 79, 94 and 110 nm respectively for 2, 3, 4 and 5 °C/min heating 
rates. Figure 5.8 shows SEM images of carbon nanofibers manufactured in order to 
examine the effect of heating rate on average fiber diameter. 
A B C 
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Figure 5.8 : SEM images of carbon nanofibers produced with different heating rates 
(A) 2, (B) 3, (C) 4 and (D) 5 °C/min 
Effect of pending time 
Pending time is defined as the time which the samples are continued carbonization 
process at their final carbonization temperature. Samples are pent at 800 °C for 1, 2 
and 3 hours. Table 5.9 shows carbonization parameters of carbon nanofibers 
produced for examining the effect of pending time on fiber properties. 
Table 5.9 : Carbonization experiments to analyze the effect of pending time 
Recipe # Temperature (°C) Heating rate (°C/min) Pending time (min) 
1 800 5 60 
3 800 5 120 
4 800 5 180 
SEM images are analyzed and average fiber diameters of these samples are 
measured. However, an exact effect could not be understood for pending time. 
Average fiber diameters are 110, 85 and 90 nm respectively for 1, 2 and 3 hours of 
pending time. Figure 5.9 shows SEM images of carbon nanofibers produced with 
different pending times. 
A B 
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Figure 5.9 : SEM images of carbon nanofibers with different pending time              
(A) 1, (B) 2 and (C) 3 hours 
5.2 Fourier Transform Infrared Spectroscopy (FT-IR) 
In order to examine the conversion of the structure of the nanofiber after stabilization 
and carbonization processes and observe the types of bonds existing in the structure 
Fourier Transform Infrared Spectroscopy is carried out. Figure 5.10 shows the FT-IR 
spectra of PAN and stabilized PAN nanofibers. There are some wavelengths giving 
hints about the conversion of the structure after stabilization process. For example, 
vibrations of C≡N bonds give peaks at 2243 cm-1. A decrease of the intensity at this 
wavenumber after stabilization means that C≡N groups have started to disappear. 
Furthermore, intensity of aliphatic C-H groups, which give peaks at 1453 cm-1 and 
2932 cm-1 wavenumber, decrease unsurprisingly after stabilization. On the other 
hand, the sharp peak, which appears after stabilization at 1588 cm-1 wavenumber, 
shows a mix of C=N, C=C and N-H groups. These bonds are the result of 
cyclization, cross-linking and dehydrogenation during stabilization. 
 
Figure 5.10 : FT-IR analysis of conversion of bonds after stabilization 
— Electrospinning 
— Stabilization 
C B A 
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Conversion of bonds is examined step by step with the increase of temperature. 
Samples produced at 800, 900, 1000, 1100 and 1200 °C of temperatures are observed 
by FT-IR. Figure 5.11-15 shows the conversion of the bonds after carbonization at 
800-1200 °C. It is clearly seen that intensity of aliphatic C-H, C≡N, C=N, C=C bonds 
reduce but these bonds did not completely disappear at 800 °C. Moreover, between 
1000-1300 cm-1 increase of the intensity of the peak after carbonization designates 
the formation of C-N and C-O bonds. By the temperature increase, the intensities of 
bonds decrease but until 1200 °C the bonds do not totally disappear. At 1200 °C, the 
conversion is mostly completed and no significant peak can be seen (Figure 15). 
 
Figure 5.11 : FT-IR analysis of conversion of bonds after carbonization at 800 °C 
 
Figure 5.12 : FT-IR analysis of conversion of bonds after carbonization at 900 °C 
— Stabilization 
— Carbonization 
     (800 °C) 
— Stabilization 
— Carbonization 
     (900 °C) 
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Figure 5.13 : FT-IR analysis of conversion of bonds after carbonization at 1000 °C 
 
Figure 5.14 : FT-IR analysis of conversion of bonds after carbonization at 1100 °C 
 
Figure 5.15 : FT-IR analysis of conversion of bonds after carbonization at 1200 °C 
— Stabilization 
— Carbonization 
     (1000 °C) 
— Stabilization 
— Carbonization 
     (1100 °C) 
— Stabilization 
— Carbonization 
     (1200 °C) 
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6.  CONCLUSION 
This work is based on determining the optimum process parameters of PAN-based 
carbon nanofiber production. Carbon nanofiber manufacture is eventuated in three 
steps. Firstly, PAN nanofibers are produced by one of the cheapest and easiest 
nanofiber production methods, electrospinning. Then, PAN nanofibers are stabilized 
at 220 °C for 13 hours. Finally, carbonization process with varying recipes is carried 
out. 
During electrospinning samples with different concentration, voltage, flow rate, 
needle to collector distance and collector speed are produced and stability of the 
process is observed. Effect of these properties on fiber morphology and average fiber 
diameter are examined by using SEM analysis. PAN nanofibers having average 
diameters between the range of 100-250 nm are successfully generated. 
Stabilization process is generated in air atmosphere and structure of nanofibers are 
converted into thermally stable structure. FT-IR analysis is used to determine the 
change in bonds and structure of the stabilized nanofibers. 
Carbonization is carried out under nitrogen gas in order to create an inert 
atmosphere. Carbonization temperature, heating rate and holding time are the 
parameters to analyze in this process. Effect of these parameters on average fiber 
diameters are determined by using SEM images. FT-IR analysis is employed to 
control the conversion of bonds after carbonization. 
Samples are characterized by SEM and FT-IR. According to SEM images, it is 
understood that increase in concentration of the solution results increase of average 
fiber diameter. On the other hand, orientation can be increased by the help of high 
speed of the collector. High speed of collector also helps to decrease the diameter of 
nanofibers. Increase in needle tip to collector distance, up to a critical distance, 
results reduction in average fiber diameter. It is experimentally noticed that voltage 
has no real effect on average fiber diameter. Moreover, not an exact effect of flow 
rate could be understood. 
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Compared to electrospun and stabilized PAN nanofibers, carbon nanofibers have 
significantly thinner fiber diameters. It is experimentally observed that increase in 
carbonization temperature slightly decreases average fiber diameter. When the 
heating rate decreases, it is noticed that average fiber diameter of carbon nanofibers 
also decreases. Pending time does not have an exact effect of the diameters of carbon 
nanofibers.  
Refer to FT-IR analysis conversion of bonds after stabilization is as it is expected. 
Intensities of C≡N and aliphatic C-H bonds have decreased while that of C=N and 
C=C have increased. After carbonization process at 800 °C the preferred honeycomb 
structure could not be obtained. When the temperature is increased to 1000 °C, C≡N, 
C=N, C=C and aliphatic C-H bonds are continued to disappear and better structure is 
started to be formed. However, until 1200 °C, the structure could not be transformed 
properly. Carbon nanofibers produced at 1200 °C did not give a significant peak 
under FT-IR analysis and this means that the honeycomb structure is obtained at that 
temperature.  
Optimum process parameters are determined by this thesis study and refer to the 
study, further academic studies on the applications of carbon nanofibers and 
enhancing the properties of them would be done. 
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APPENDIX A.1 
 
Table A.1 : Electrospinning experiments, parameters and comments 
    Experiment Parameters Comments 
Sa
m
pl
e 
#1
 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The jet was stable during whole 
production time. The sample has a smooth 
surface. Effect of concentration on fiber 
diameter would be observed refer to this 
experiment. 
Solvent DMF 
Concentration (wt. %) 10 
Voltage (kV) 18 
Distance (cm) 13 
Flow rate (ml/h) 1.2 
Duration 2 h 30 min 
Experiment Parameters Comments 
Sa
m
pl
e 
#2
 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The jet was stable during whole 
production time. The sample has a smooth 
surface. 
Solvent DMF 
Concentration (wt. %) 10 
Voltage (kV) 12 
Distance (cm) 14 
Flow rate (ml/h) 1.4 
Duration 1 h 30 min 
Experiment Parameters Comments 
Sa
m
pl
e 
#3
 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The jet was not completely 
stable due to relatively long distance. The 
sample has a feathery surface. 
Solvent DMF 
Concentration (wt. %) 10 
Voltage (kV) 15 
Distance (cm) 15 
Flow rate (ml/h) 1.2 
Duration 3 h 
Experiment Parameters Comments 
Sa
m
pl
e 
#4
 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The jet was stable during whole 
production time. The sample has a smooth 
surface. 
Solvent DMF 
Concentration (wt. %) 10 
Voltage (kV) 16 
Distance (cm) 13 
Flow rate (ml/h) 1.3 
Duration 2 h 30 min 
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Table A.2 : Electrospinning experiments, parameters and comments 
Experiment Parameters Comments 
Sa
m
pl
e 
#5
 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The jet was stable during whole 
production time. The sample has a smooth 
surface. Because of relatively high flow 
rate, a higher voltage was needed for a 
stable jet.  
Solvent DMF 
Concentration (wt. %) 10 
Voltage (kV) 20 
Distance (cm) 14 
Flow rate (ml/h) 1.5 
Duration 2 h 30 min 
Experiment Parameters Comments 
Sa
m
pl
e 
#6
 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The jet was stable during whole 
production time. The sample has a smooth 
surface. 
Solvent DMF 
Concentration (wt. %) 10 
Voltage (kV) 16 
Distance (cm) 15 
Flow rate (ml/h) 1.6 
Duration 3 h 
Experiment Parameters Comments 
Sa
m
pl
e 
#7
 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The jet was stable during whole 
production time. The sample has a smooth 
surface. Effect of concentration on fiber 
diameter would be observed refer to this 
experiment. 
Solvent DMF 
Concentration (wt. %) 8 
Voltage (kV) 18 
Distance (cm) 13 
Flow rate (ml/h) 1.2 
Duration 2 h 30 min 
Experiment Parameters Comments 
Sa
m
pl
e 
#8
 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The jet was stable during whole 
production time. The sample has a smooth 
surface. Voltage is relatively high due to 
both long distance and high flow rate.  
Solvent DMF 
Concentration (wt. %) 8 
Voltage (kV) 20 
Distance (cm) 14 
Flow rate (ml/h) 1.4 
Duration 2 h 30 min 
Experiment Parameters Comments 
Sa
m
pl
e 
#9
 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The jet was stable during whole 
production time. The sample has a smooth 
surface. 
Solvent DMF 
Concentration (wt. %) 8 
Voltage (kV) 12 
Distance (cm) 12 
Flow rate (ml/h) 1.3 
Duration 2 h 30 min 
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Table A.3 : Electrospinning experiments, parameters and comments 
Experiment Parameters Comments 
Sa
m
pl
e 
#1
0 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The collected sample was not a 
uniform web. A few amount of driplets 
were observed on the web.     
Solvent DMF 
Concentration (wt. %) 8 
Voltage (kV) 13 
Distance (cm) 14 
Flow rate (ml/h) 1 
Duration 2 h 30 min 
Experiment Parameters Comments 
Sa
m
pl
e 
#1
1 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The sample has a feathery 
surface. The reason of necessity for a 
relatively high voltage may be either 
concentration or high flow rate.  
Solvent DMF 
Concentration (wt. %) 12 
Voltage (kV) 19 
Distance (cm) 12 
Flow rate (ml/h) 1.5 
Duration 2 h 30 min 
Experiment Parameters Comments 
Sa
m
pl
e 
#1
2 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The jet was not completely 
stable during experiment. The sample has 
a feathery surface.  
Solvent DMF 
Concentration (wt. %) 12 
Voltage (kV) 16 
Distance (cm) 13 
Flow rate (ml/h) 1.3 
Duration 2 h 30 min 
Experiment Parameters Comments 
Sa
m
pl
e 
#1
3 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The sample has a very feathery 
surface.  
Solvent DMF 
Concentration (wt. %) 12 
Voltage (kV) 14 
Distance (cm) 12 
Flow rate (ml/h) 1.2 
Duration 2 h 30 min 
Experiment Parameters Comments 
Sa
m
pl
e 
#1
4 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The jet was not completely 
stable during experiment. The sample has 
a feathery surface. High concentration, 
flow rate and long distance result 
relatively high voltage.  
Solvent DMF 
Concentration (wt. %) 12 
Voltage (kV) 20 
Distance (cm) 14 
Flow rate (ml/h) 1.4 
Duration 2 h 30 min 
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Table A.4 : Electrospinning experiments, parameters and comments 
Experiment Parameters Comments 
Sa
m
pl
e 
#1
5 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The jet was stable during the 
experiment. There was a slight hairy effect 
on the sample. The voltage is relatively 
high because the concentration and flow 
rate is high.  
Solvent DMF 
Concentration (wt. %) 12 
Voltage (kV) 20 
Distance (cm) 11 
Flow rate (ml/h) 1.6 
Duration 2 h 30 min 
Experiment Parameters Comments 
Sa
m
pl
e 
#1
6 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The sample has a very feathery 
surface.  
Solvent DMF 
Concentration (wt. %) 12 
Voltage (kV) 16 
Distance (cm) 10 
Flow rate (ml/h) 1.3 
Duration 2 h 
Experiment Parameters Comments 
Sa
m
pl
e 
#1
7 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The jet was not completely 
stable during experiment. The sample has 
a feathery surface.  
Solvent DMF 
Concentration (wt. %) 12 
Voltage (kV) 17 
Distance (cm) 11 
Flow rate (ml/h) 1.4 
Duration 3 h 
Experiment Parameters Comments 
Sa
m
pl
e 
#1
8 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. There was a slight hairy effect 
on the sample. Although the flow rate is 
high, due to short needle to collector 
distance, 15 kV of voltage was necessary 
for this experiment to be stable.   
Solvent DMF 
Concentration (wt. %) 12 
Voltage (kV) 15 
Distance (cm) 10 
Flow rate (ml/h) 1.5 
Duration 2 h 30 min 
Experiment Parameters Comments 
Sa
m
pl
e 
#1
9 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The jet was stable during the 
whole production time. The sample has a 
smooth surface.   
Solvent DMF 
Concentration (wt. %) 10 
Voltage (kV) 18 
Distance (cm) 11 
Flow rate (ml/h) 1.5 
Duration 2 h 30 min 
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Table A.5 : Electrospinning experiments, parameters and comments 
Experiment Parameters Comments 
Sa
m
pl
e 
#2
0 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The jet was stable during the 
whole production time. The sample has a 
smooth surface. Due to long needle to 
collector distance the voltage should be 
relatively higher.   
Solvent DMF 
Concentration (wt. %) 10 
Voltage (kV) 18 
Distance (cm) 14 
Flow rate (ml/h) 1.3 
Duration 2 h 30 min 
Experiment Parameters Comments 
Sa
m
pl
e 
#2
1 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The jet was stable during the 
whole production time. There occurred 
some driblets on the sample surface.  
Solvent DMF 
Concentration (wt. %) 10 
Voltage (kV) 18 
Distance (cm) 12 
Flow rate (ml/h) 1.4 
Duration 2 h 30 min 
Experiment Parameters Comments 
Sa
m
pl
e 
#2
2 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The jet was stable during the 
whole production time. The sample has a 
smooth surface. Effect of voltage on fiber 
diameter would be observed refer to this 
experiment.  
Solvent DMF 
Concentration (wt. %) 10 
Voltage (kV) 17 
Distance (cm) 12 
Flow rate (ml/h) 1.2 
Duration 2 h 30 min 
Experiment Parameters Comments 
Sa
m
pl
e 
#2
3 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The jet was stable during the 
whole production time. The sample has a 
smooth surface. Voltage is very high 
because the flow rate is also relatively 
high. 
Solvent DMF 
Concentration (wt. %) 10 
Voltage (kV) 22 
Distance (cm) 13 
Flow rate (ml/h) 1.6 
Duration 2 h 
Experiment Parameters Comments 
Sa
m
pl
e 
#2
4 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The jet was stable during the 
whole production time. The sample has a 
smooth surface.   
Solvent DMF 
Concentration (wt. %) 10 
Voltage (kV) 15 
Distance (cm) 13 
Flow rate (ml/h) 1.1 
Duration 3 h 
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Table A.6 : Electrospinning experiments, parameters and comments 
Experiment Parameters Comments 
Sa
m
pl
e 
#2
5 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The jet was stable during the 
whole production time. The sample has a 
smooth surface. Effect of concentration on 
fiber diameter would be observed refer to 
this experiment.  
Solvent DMF 
Concentration (wt. %) 12 
Voltage (kV) 18 
Distance (cm) 13 
Flow rate (ml/h) 1.2 
Duration 2 h 30 min 
Experiment Parameters Comments 
Sa
m
pl
e 
#2
6 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The jet was stable during the 
whole production time. The sample has a 
smooth surface.  
Solvent DMF 
Concentration (wt. %) 12 
Voltage (kV) 16 
Distance (cm) 11 
Flow rate (ml/h) 1.3 
Duration 2 h 30 min 
Experiment Parameters Comments 
Sa
m
pl
e 
#2
7 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The jet was not stable during the 
whole production time. The polymer 
solution has flowed out the spinneret 
without creating a continuous jet. The 
sample was stuck to the aluminum foil.   
Solvent DMF 
Concentration (wt. %) 12 
Voltage (kV) 16 
Distance (cm) 12 
Flow rate (ml/h) 1.3 
Duration 2 h 30 min 
Experiment Parameters Comments 
Sa
m
pl
e 
#2
8 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The jet was not stable during the 
experiment. Little amount of nanofibers 
could be collected on to the aluminum foil. 
The reason may be both long distance and 
high flow rate. 
Solvent DMF 
Concentration (wt. %) 10 
Voltage (kV) 20 
Distance (cm) 14 
Flow rate (ml/h) 1.4 
Duration 2 h 30 min 
Experiment Parameters Comments 
Sa
m
pl
e 
#2
9 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The jet was stable during the 
experiment. However, the sample 
collected on the aluminum foil is stuck to 
the foil. Effect of voltage on fiber diameter 
would be observed refer to this 
experiment.   
Solvent DMF 
Concentration (wt. %) 10 
Voltage (kV) 20 
Distance (cm) 12 
Flow rate (ml/h) 1.2 
Duration 2 h 30 min 
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Table A.7 : Electrospinning experiments, parameters and comments 
Experiment Parameters Comments 
Sa
m
pl
e 
#3
0 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The jet was stable during the 
whole production time. The sample has a 
smooth surface. Effect of voltage on fiber 
diameter would be observed refer to this 
experiment. 
Solvent DMF 
Concentration (wt. %) 10 
Voltage (kV) 22 
Distance (cm) 12 
Flow rate (ml/h) 1.2 
Duration 2 h 30 min 
Experiment Parameters Comments 
Sa
m
pl
e 
#3
1 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The jet was not stable during the 
experiment. The sample was stuck to the 
aluminum foil. Effect of voltage on fiber 
diameter would be observed refer to this 
experiment. 
Solvent DMF 
Concentration (wt. %) 10 
Voltage (kV) 24 
Distance (cm) 12 
Flow rate (ml/h) 1.2 
Duration 2 h 30 min 
Experiment Parameters Comments 
Sa
m
pl
e 
#3
2 
Polymer PAN Rotating drum with 150 rpm is used as a 
collector. The jet was not stable during the 
experiment. Little amount of nanofibers 
could be collected on to the aluminum foil. 
Solvent DMF 
Concentration (wt. %) 8 
Voltage (kV) 16 
Distance (cm) 13 
Flow rate (ml/h) 1.3 
Duration 2 h 30 min 
Experiment Parameters Comments 
Sa
m
pl
e 
#3
3 
Polymer PAN This experiment is performed in order to 
determine the effect of speed of the 
collector. Rotating disk with 3000 rpm is 
used as a collector. The jet was stable 
during the experiment.  
Solvent DMF 
Concentration (wt. %) 10 
Voltage (kV) 20 
Distance (cm) 11 
Flow rate (ml/h) 0.5 
Duration 1 h 
Experiment Parameters Comments 
Sa
m
pl
e 
#3
4 
Polymer PAN This experiment is performed in order to 
determine the effect of speed of the 
collector. Rotating disk with 4000 rpm is 
used as a collector. The jet was stable 
during the experiment.  
Solvent DMF 
Concentration (wt. %) 10 
Voltage (kV) 20 
Distance (cm) 11 
Flow rate (ml/h) 0.5 
Duration 1 h 
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Table A.8 : Electrospinning experiments, parameters and comments 
Experiment Parameters Comments 
Sa
m
pl
e 
#3
5 
Polymer PAN This experiment is performed in order to 
determine the effect of speed of the 
collector. Rotating disk with 5000 rpm is 
used as a collector. The jet was stable 
during the experiment.  
Solvent DMF 
Concentration (wt. %) 10 
Voltage (kV) 20 
Distance (cm) 11 
Flow rate (ml/h) 0.5 
Duration 1 h 
Experiment Parameters Comments 
Sa
m
pl
e 
#3
6 
Polymer PAN This experiment is performed in order to 
determine the effect of speed of the 
collector. Rotating disk with 2000 rpm is 
used as a collector. The jet was stable 
during the experiment.  
Solvent DMF 
Concentration (wt. %) 10 
Voltage (kV) 20 
Distance (cm) 11 
Flow rate (ml/h) 0.5 
Duration 1 h 
Experiment Parameters Comments 
Sa
m
pl
e 
#3
7 
Polymer PAN This experiment is performed in order to 
determine the effect of speed of the 
collector. Rotating disk with 6000 rpm is 
used as a collector. The jet was stable 
during the experiment.  
Solvent DMF 
Concentration (wt. %) 10 
Voltage (kV) 20 
Distance (cm) 11 
Flow rate (ml/h) 0.5 
Duration 1 h 
Experiment Parameters Comments 
Sa
m
pl
e 
#3
8 
Polymer PAN Rotating drum with 250 rpm is used as a 
collector. Slight irregularities are observed 
in the jet but the jet was generally stable. 
The sample has a smooth surface. Effect 
of needle to collector distance on fiber 
diameter would be observed refer to this 
experiment.   
Solvent DMF 
Concentration (wt. %) 10 
Voltage (kV) 18 
Distance (cm) 11 
Flow rate (ml/h) 1.1 
Duration 1 h 30 min 
Experiment Parameters Comments 
Sa
m
pl
e 
#3
9 
Polymer PAN Rotating drum with 250 rpm is used as a 
collector. The jet was stable during the 
experiment. The sample has a smooth 
surface. Effect of both needle to collector 
distance and flow rate on fiber diameter 
would be observed refer to this 
experiment.    
Solvent DMF 
Concentration (wt. %) 10 
Voltage (kV) 18 
Distance (cm) 12 
Flow rate (ml/h) 1.1 
Duration 1 h 30 min 
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Table A.9 : Electrospinning experiments, parameters and comments 
Experiment Parameters Comments 
Sa
m
pl
e 
#4
0 
Polymer PAN Rotating drum with 250 rpm is used as a 
collector. The jet was stable during the 
experiment. The sample has a disharmony 
on the surface. Effect of needle to 
collector distance on fiber diameter would 
be observed refer to this experiment.    
Solvent DMF 
Concentration (wt. %) 10 
Voltage (kV) 18 
Distance (cm) 13 
Flow rate (ml/h) 1.1 
Duration 1 h 30 min 
Experiment Parameters Comments 
Sa
m
pl
e 
#4
1 
Polymer PAN Rotating drum with 250 rpm is used as a 
collector. The jet was stable during the 
experiment. The sample has a smooth 
surface. Effect of needle to collector 
distance on fiber diameter would be 
observed refer to this experiment.    
Solvent DMF 
Concentration (wt. %) 10 
Voltage (kV) 18 
Distance (cm) 14 
Flow rate (ml/h) 1.1 
Duration 1 h 30 min 
Experiment Parameters Comments 
Sa
m
pl
e 
#4
2 
Polymer PAN Rotating drum with 250 rpm is used as a 
collector. The jet was stable during the 
experiment. The sample has a smooth 
surface. Effect of flow rate on fiber 
diameter would be observed refer to this 
experiment.     
Solvent DMF 
Concentration (wt. %) 10 
Voltage (kV) 18 
Distance (cm) 12 
Flow rate (ml/h) 1 
Duration 2 h 
Experiment Parameters Comments 
Sa
m
pl
e 
#4
3 
Polymer PAN Rotating drum with 250 rpm is used as a 
collector. The jet was stable during the 
experiment. The sample has a smooth 
surface. Effect of flow rate on fiber 
diameter would be observed refer to this 
experiment.     
Solvent DMF 
Concentration (wt. %) 10 
Voltage (kV) 18 
Distance (cm) 12 
Flow rate (ml/h) 1.2 
Duration 2 h 30 min 
Experiment Parameters Comments 
Sa
m
pl
e 
#4
4 
Polymer PAN Rotating drum with 250 rpm is used as a 
collector. The jet was stable during the 
experiment. The sample has a smooth 
surface. Effect of flow rate on fiber 
diameter would be observed refer to this 
experiment.  
Solvent DMF 
Concentration (wt. %) 10 
Voltage (kV) 18 
Distance (cm) 12 
Flow rate (ml/h) 1.3 
Duration 1 h 30 min 
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